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NOTATION

Let p=hydrostatic pressure applied to diaphragm (acting upward in figs. 16 and 1S).
F= external resisting force acting downward on rigid center.

F,= reaction of rim.
A =horizontal projection of area of diaphragm.

A.= effective area of diaphragm =~~

s=Iengt h of diametral cross-section of diaphragm from rim to rigid center.
~ or ~d=deflection of rigid center from horizontal plane at level of rim, being positive when measured upward

and negative when measured downward. (See fig. lg.)
v,=deffection of end of spring from its normal unstressed position.
c=distance from rim to edge of rigid center when w=(7.

D=diameter of ‘diaphragm chamber.
R=radiusof rigid center.
H=highest point on the arcs (the plane of;herirn being horizontal).
z=horizonta] distance from rim to verticaI line through H.
p=horizont~! distance from edge of rigid center to H, considered positive when measured toward the rim

and negative when measured toward the center of the diaphragm.
fl=centerof circle of whiehthea rcsisa portion.
r=radius of circIe of which the arc s is a portioh.
~=distance bet~~ee~end of spring ~vhenthe latter is in its unstressed state al}d the topof tlie rigid center.

(See @s. 18 E and F.)
~=angie at Osubtended by arc s in Case I or S+-P in Case II.
$=angle at rim subtended by deflection y at point of contact of diaphragm and rigid center.

K= a constant.
Subscript zero indicates that y= 0.
s/cis defined as the ‘~slackness” of the diaphragm.
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NONMETALLIC DIAPHRAGMS FOR INSTRUMENTS

By H. N. EATON and C. T. BGCKINGHAM

suMMARY

This report, the second of = series of reports relating to the geneml subject of instrument
diaphragms, -was prepared b-Y the Bureau of Standards at the requwt of the ~ationa~ ~dfiory
Commit tee for Aeronautics The first report of the series was published as Technical Report
No. 165, “Diaphragm-s for Aeronautic instruments,’7 and comprised au outfi~e of historical
developments and theoretical primiples tith a discussion of expedients for making the best
use of exM&P diaphragms.

The present report relates entireIy to nonmetallic diaphraa~, the use of which in certain
types of pressure elements has been increasing for some time. Little, if any, inforrnat ion
has been avaiIable, howwer, to aid the designer of instruments wsing this form of pressure
element. It was to attempt to meet the need for such information that the investigation
reported in this paper Kas undertaken. .

The report describes the various materials which ha-re been used as nonmetallic dia-
phragms, discusses the factors which affect the performance of the diaphragms and giw.s the
results of tests made for the purpose of in~estigati~~ the eEect produced by these factors.
A theoretical discussio~ is given in which it is shim-n that the eftect.ive area of a nonmetallic
diaphra=w can be computed for specified conditions and hence the pressure-deflection curve
can be predicted. Curves are gi-ren to facilitate the computation of effective areas under any
given conditions. The theory was tested experimentally and was found accurate within about
5 per cent. I?inally pressure-deflection cumes are given to illustrate the control -which the
designer has over the shape of the curve by -mrying the different parts of the pressure elemenk

I. ~TTRODUCTION

The generaI use of nonmetallic diaphragms is a comparati-v-eIy recent development. For
many years metallic diaphranm appear to have been used exclusively, as a perusal of the first
portion of Part. I] of this series of reports wUJ show. h’onmetaliic diaphragms were first intro-
duced in all probability in order to obtain a much more flexible pressure element than could
be made using a metallic diaphragm of the same size.

Nonmetallic diaphragms can be used in two distinct types of pressure elements. In the
first the elasticity of the diaphragm itseIf is used to resist the hydrostatic pressure applied,
as in the case of a taut rubber diaphragm. In the second, a slack, pliable, but relatively in-
elastic diaphragm is used, its motion restrained by a suitable spring. In the latter case the
elastic prop erties of the diaphragm would not be used at all, the diaphragm acting as a scale
pan, so to speak, to transfer the pressure to the spring which wouId be made with exce~ent.
elastic “properties, better than those of any metaUic diaphragm. It might be thought that
in this way the effect of the poor eIastic properties of the diaphragm on the performance of the
instrument could be made negligible, but thk has not proved to be the case owing to other
properties characteristic of these diaphragms.

—

~NationalAdtiom CommitteeforAeromautksTechnicalRepd X’o.165,1923,“Diaphragms for Aeronautic Inatrumeds,” M.D. Hersey.

5~~(J1-~+~s 423
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Nonmetallic diaphragms have been used in a number of ~eronautic instruments, including
airspeed indicators and recorders, 2 katanoscopes, oxygen apparatus,3 balloon mrmomoters, <
ballonet -volume indicators, side-slip indicators, yaw meters, 5 and turn indicators.6” They
have also been used in a few laboratory manometers. Figure I sho~vs a number of different

types of nonmetallic diaphragm pressure elements.7 _A taut rubber diaphragm is shown in
Figure 1A, the instrument being an Ogilvie airspeed indicator (British). It is a characteristic
of a taut rubber diaphragm when used in this way that the deflection of the center of the dia-
phragm can be made approximately proportional to the square root of the differential pressure
applied, provided tlie diaphragm is nott too taut. “(See fig. 14.) Owing to- the fact that the
differential pressure produced by an airspeed nozzle is proportional to the square of the speed,
it is obvious that a diaphragm of this type will give very nearly a uniformly graduatec~ scale
under these circumstances with the use of an extremely simple multiplying mechanism,

—....___..-— . A
.

—---

,—. .,.-...,..,,.,-. -r
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,,— ..-

. ,,,.—.. . .-

FIG. I.—Types of nonmetd[icdiaphragmpiessnreelements

Figure I, B, shows a nonmetallic bellows quite similar to those used in the Toussaiut-Lep&rc
airspeed recorder. Z The bellows is built up of sections of rubberized fabric cemented alter-
nately at the center and at the outer edge. A large deflection is obtained for a comparatively
srnaH differential pressure.

Figures 1, C, D, and E, are examples of slack diaphragm pressure elements. Figure 1, C,
shows the sIack zephir leather diaphragm used in the Pioneer balloon manometer. Here again
the diaphragm deflects in opposition to a steel spring. Figure 1, D, shows a static pressure type
ballonet volume indicator constructed at the Bureati of Standards. Since the diffe~ent.ial
pressure producing full-scale deflection of this instrument is less than 1 centimeter of water, it
ww necessary to use an extremely flexible diaphragm material. Mum-t anneal colon leather.

?National .4dvisory Committee for Aeronautics Technical Report h-o. 127,”<Airciaft Speed Instruments,” by F. L.Hunt and E.O ,Sterrm., 1QZ2.
$h’ational Advisory Committee for Aeronautics Technical Report, l+o. 130,‘JOwgm Instruments,’> by F. 1,. Hunt, 1S22.
J Technologic Paper No. Z&T,Bnresu of Standards, “Aeronautic Instruments,’r by 1?,L. Hunt-.
J National Advisory Committee for Aeronautics Technical Report NTO.112,“Control in Circling Flight,” by F. H. h’orton and E. T, Allen, 1921
$National .Ldvisory Committee for Aeronautics Technical Report No ,12S,(’Direction Instruments, ” by W. S.Frarddin rmd M.H. Stillmrm,lfEZ
7 The term 1’pressure element” includes both the spring and the diaphragm.
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was found to be ideal for this purpose since its flexibility was greater than that of any other
material examined. Figure 1, E, shores the rather unusual element used in the Smith airspeed
recorder. The diaphragm is made large in order to give a. sufEcientIy great -working force for
the comparatively small differential pressure developed by a Pitot nozzle. The motion of the
diaphra=m is resisted by a flat steel spring. It should be observed that each of the last three
instruments discussed has a large metal c.cuter on which is mounted the arm that transmits the
force of the diaphra=a to the spring. The size of the rigid center plays an important part, in
the design of a pressure element of this type, since the amount of force tranwuitted to the -
spring for a given pressure can be cha~~ed by altering the size of this center.g

J.L MATERIALS USED FOR NONMETALLIC DIAPHRAGMS

The materials-which have been used in the construction of nonmet alIic diaphragms can be
dkided in~o four general classes:

1. Rubber.
2. Treated fabrics.

(a) Rubberized.
(b) Oiled.
(c) Doped.

3. Leathers and skins.
(a) Untreated.
(b) Doped.
(c) Oiled.

4. Paper.
In most instances when rubber has been used, its own elasticity has been utilized to furnish

the resisting force. In the Htie automatic katanoscope, however, a rubber diaphra=m is used
with a rigid central disk and an opposing spring.

The other three classes of materials are a.1-ivaysused in combination with a metal spring,
and so it is advantageous to have them as pliable as possible. They should never be so used that
the deflection is to an appreciable degree dependent on the stretching of the diaphra=gn, since
under these circumstances the comparatively poor elastic properties of the diaphragm are
brought. into play.

III. NATURE “AND PROPERTIES OF MATERIALS USEI)

fmBBER

The physicaI and chemical properties of rubber vary according to its so~ce and prepara-
tion. Vulcanized rubber is -rery elastic and pliable at ordinary room temperatures, but these
properties are temporarily destroyed -when the rubber is subjected to the low temperatures-which
aeronautic instruments sometimes 6sxperience. The effect is transien~, however, hence when the
rubber returns to room temperature, its elasticity and pliability are completely restored.

Rubbers and rubberized fabrics to be suitable for use as diaphragms must be vukanized;
that is, a certain amount of sulphur must be combined with the rubber by some process so as
to transform the original product into one which has much better properties. A complete
description of these processes whereby rubber can be mdcanized will not be given here as
descriptions are available elsewhere.’

Among the changm which are produced by mdcanization may be noted a.n increase in the
strength and elasticity of the rubber and loss of adhesiveness. It becomes insoluble in ordinary
rubber sol-rents and it is affected to a less degree by changes in temperature. The most serious
defect of thin rubber sheets suitable for use as diaphragms lies in the rapid deterioration which
takes place in the material, the elastic properties becoming markedly poorer within from six
months to two years, depending oa the method of prepara.t.ion. It has been shown that rel-
atively undermdcanized rubber compounds deteriorate less than those which are o~ervuIcanized,

8See discussion of “effective 2zea,” SeeLionVII.
Bureau of Standards Circular No. 38, “The Testing of Rubber Goods.’



426 REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

FABRIcS

Untreated fabrics. lo—~n elementary ]<no~vled~e of. the structure of the fibers comprising

different fabrics will make much clearer the reasons for some of the effects exhibit ail by non-
metallic diaphragms made of these materials. For ex[rnple, wool fiber is built up of layers of
animal cells of various forms which are capable of absorbing moisture. .& a resulk the Wool
fiber is far more hydroscopic than any other fibers used and so is wholly unsuitable for use as
a diaphragm material.

The silli fiber is apparently a continuous thread but probaliy is macle up of a number of
exceedingly minute elements. Hygroscopically it ranks next to wool, but in spite of this fact
it- has been used in diaphragms because it possesses other desirable properties.

The cotton fiber can be easily rwognized from its ribbonlike unequally twisted appearance.
It has the desirable property of being much less hydroscopic than either wool or silk.

Two forms of moisture are contained in the fibers:_ (1) That!n chemical combination ~vith.
the fibers, called water of hydration, more or less fixed in amount, and (2) that in the pores or
cells of the fiber, variable in amount and depending on the changes in relati~e humidity of the
air to which the fiber is exposed. Only this second form, the hydroscopic moisture, had to
be taken into account in this investigation, since the w’~ter of, hydration is not driven off until -
the fiber has been partially clestroyed by exposure to high temperatures.

Rubberized fabics.- A rubberized fabric consists of-& fabric backing on which is sprea~l or
calendered one or more coats of thin rubber. In this w~y the flexibility of the fabric is retained
to a high degree while the rubber adds the necessary impermeability. “The rubber can be
vulcanized by either the cold or the heat cure.

Rubberized fabric has been used extensively in the construction of bellows for the Toussaint-
Lep&e airspeed recorder. (See fig. 1, B.) An exceIlent grade of silk fabric is used, having a
very thin coating of rubber calendered on one side. The resultant product possesses many
desirable characteristics for use as nonmetallic diaphragms, but possesses the usual defect of
rubber that it deteriorates after one or two years, rapidly becoming so stiff as to ‘be useless.

The desirable qualities of this material have led to an aitempt in this country to produce
a rubbwized fabric for the constrwt,ion of instry.rnent bellows, but the product thus far has
not been. equal in quality to the Toussaint-Lep&e.

The behavior of rubberized fabric under varying conditions of temperature and humidity
is more complex than the performance of either the fabric or the rubber w~en useci alone$ but
the changes are comparatively small.

Oiled fa?wic~.—knmnber of oiled materials viere tested during this in-restigation. Ii vms
found that both drying and nondrying oils served the purpose of filling the pores so as to remain
in the material indefinitely, thus rendering the material relat.ivel y imperme~ble to gasrx and
moisture. It has been found that the majority of the materials so treated are dfected by
changes in temperature to such an extent that they we nearly worthless as diaphragm materials
for use in aeronautics.

Doped fabrics.ll—.A number of special dopes were prepared through the courtesy of the
Chemistry Division at the Bureau of Standards in hope that these might give the fabric the
properties of being impervious to gases and of being unappreciable affected by changes of
temperature and humidity. Some of the materiak absorbed a large amount of the dope owing
to their pronounced fibrous characteristics and hydroscopic properties and thus became stiff,
heavy, and nonuniform, but certain other materials less fibrous and hydroscopic allowed the
dope to form a smooth, thin, leatherlike finish on the surface, giving the material the desired
properties.

Leathers and skins.’z-htes,tinal leathers and skinssare the only materials belonging to this
class which were found to have desirable characteristics for use as diaphragms, These leathers

wc%t~lO~U~,cramer Smtem of .4k Conditioning, IS@, Stuart W. Cramer, EIoward Block, Providence, R. I. (or Courthouse Square, Char-
lotte, N. C., or Candler Building, AtIanta, Ga.),

II ~ratio~al Advisory Committee for Aeronautics Technical Report N-o,38, “AEplane Dopes and Doping,” by W’.H. smith,1919.
~!”PratticalTanning,”byMienRogers,H.C. Baird & Co., New York City,
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differ from kid skin and other simdar leathers by the absence of large pores, thus rendering
them comparatively impervious to gas&. A few instruments have been constructed, using a
treated sheepskin,” but this material is too heavy and too porous for general use. The prop-
erties of the different intestinal leathers when used for diaphragms depend largely on the process
of tanning. When using zephir leather or -regetable-tanned colon leather it has been found
desirabIe to impregnate the material with oil or to coat it with some form of dope to render
it more highly impervious to g~es. On the other hand, the alum-tanned colon Ieather was
highly impervious without any surface treatment. These intestinal leathers artd skins are
extremely thin and are very to~~h and stro~~. The leathers are distinguished from goldbeater’s
skin by their softness and pliability as compared tith the relative stiffness of the goldbeater’s
skin.

Goldbeater’s skin is wholly unsuitable for diaphragms, although it is highly imperious to
gases. Ii expands conside~ably -ivith increase in humidity and, as m-ill be shovim later in this
report, this causes the stiffness of the pressure element to cha~ue appreciably.*4

PAPER

Several specimens of parchment, Japanese pa,pers, and the so-called nonporom papers ‘5
were tested in this investigation but none were found to be of any value for use as diaphrag-.
Their lack of strength, their stifTness, and the high degree to which they were affected by
cha~~es in humidity a.1~combined to cause their rejection.

IV. FACTORS INFLUENCING THE BEHAVIOR OF NONMETALLIC DIAPHRAGMS .

Nonmetallic diaphraogns possess characteristics -which are peculiar to this type of dia-
phragm, as well as a number of characteristics -ivhich are aIso found in metalLic diaphiia=gms.
It wilI probably be bes~ to enumerate at this point the most important of the factors which
affect their behavior. These may be classified as foJlo-ivs:

1. Seasoning.
2. Ageing.
3. Humidity.
4. Temperature.

(a) Transient effects.
(b) Permanent effects.

5. Stretching.
6. Permeability.
7. Indeterminate factors.

(I) and (2) Seasoning and izgeing.’’-The terms “seasoning” and ‘‘ ageing” have been
used interchangeably iu connection with metallic diaphrabw in the first report of this series 1
under “Irreversible effects,” There a “seasoned” diaphragm is defied as “one which repeats ,
its mechanical performance, including any irreversible effects 17 * * * on successive acca-

sions, separated by a sufficient intervaI of res$ provided of course, that the diaphragm is sub-
jected to identical conditions on each occasion.” The criterion for a seasoned diaphranw has
been discussed in detail in the above-mentioned report to which the reader is referred for a
more complete discussion. The subject is brought up here in order to explain the meaning of
the terms ‘<seasoning’? ~d ~<qme~g” as applied to nonmetallic diaphragms in the present

report.
Here the term “seasoned” will be appIied to any diaphqga which, when subjected to

identical conditions on successive occasions, separated by a sufficient interval of rest, yiekls

tNational Advisory Committee for Aerm.autics TecbnicaI Report N-o. 165. “Disiphragrus for Aeronautic Instramen.ts,” M. A. Hersey.
IW3.

11Efol]w@mb~Clift ti+peed indicator.
1!Sm AIum Tanned ~OU bather untreated—F]exibiIiiy of Lrmfefi.
15B~e2~ of st~tiw Circulsr h;o. 10Z,“ Testing of P&Per.”
16~,2tion~ Ld~rF Committee for Aeromutim Twtica.f Report No. 39, “The TWii OfBaflwK Fabrics,” by J. D. Edwards and I. L-

MOOre, 1919.
n NY=eIY, 10ad.defie~tio* curve, rhift, hysteres%, after-effect, etc. (the ]s.%three =.5 irreversible eff@2)
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the same pressure-deflection curve. This definition dtiers from the more precise definition
given in the above-mentioned publication in that the irreversible effects are ignored.

A metallic di~phragm , when once seasoned, retains almost indefinitely the properties
which characterize its seasoned state. This is not- tmm~in general} of nonmetallic diaphragms,
It will be found, for example, that-most rubber diaphragms gradually grow more flexible in the
course of six months or a year and then gradually become sttier and stiffer m t.il they b~come
useless, In a similar way, rubberized fabrics grow appreciably stiffer in the course of several
years. T’his gradual deterioration of the diaphragm over a long period of time will be called
[‘ ageing” in this paper.

(3) Htimidi@.’Q—Ml of the nonmetallic diaphragms tested in MS investigation were
affected to a greater or lesser degree by changes in humidity. ,Se~eral ma t,erials w-em eliminated
from further investigation because extreme changes in humidity altered by as much as 20
per cent. the pressure-deflection curves of pressure elements in which diaphragms of these
materials were used. In all probability this effect is due to @vo causes, the first and more
import ant of which is the expansion of the material 18with increase of humidity. This changes
the effective area Ig of the diaphragm and so alters the pressure-deflection curve. The second
effect, which is undoubtedly very small, is the change in pliribility of the diaphragm as the
humidity changes.

The effect of humidity on nonmetallic diaphragms is even more important than the effect
of temperature. It has led in some instances to the treatment of the surface of the material
in an attempt to decrease the effect. These treatments, however; usually increase the teinper-
ature effect S.Ogreatly that nothing is gained.

(4) Terfiperature.-Tlvo classes of temperature effects are found to exish ifi nonmetallic
materials. In the first place a recoverable 20change takes place in most materials whenever
they are heated or cooled and are then brought back to their original temperature. This change
in a nonmetallic diaphragm pressure element is comparable to the change in stiffness which
takes place in a metallic diaphragm pressure element when its temperature is altered.z~ The
second effect is due to a permanent change which takes place in the material when it is heated
or cooled sufficiently. Obviously a material which undergoes permanent changes when sub-
j ecied to temperature variations such as may be experienced in use is totally unsuited for n
diaphragm. Each material investigated was tested ov-er a wide range of temperatures for per-
manent changes. Low temperatures affected permanently but few of the miterials examined;
the difficulties arose at high temperatures, from + 40° to + 60° centigrade.

Even though a material may prove to be free from permanent temperature eflecis over
the desired range of temperatures, it-may still be sufficiently subject to transient effects to be
practically useless. ___Forex~mple, a wmber of materials, particularly when possessing a surface
tre~tment, stiffen so greatly at temperatures of – 10Q to – 20° centigrade as to be worthless
for use in aeronautic instruments. The effect of temperature as well as the effect of humidity
on nonmetallic diaphragms is probably due both to a change in the effective area. and to a change
in the pliability of the material ittsekf. However, while the first of these is undoubtedly the
important factor where humidity is concerned , sometimes one and sometimes the oth cr of
these two factors has the greater influence where ch~nges in temperature are involved.

It was extremely dif%cult to investigate the effeot of temperature alone on nonmetallic mate-
rials} since it was not practicable to control. the atmospheric humidity during the tests except
in a general way. This difficulty is due to the facts. thatit is the relative humidity which con-
trols the moisture content of the material and that this effect is large. If the relative humidity
could have been kept constant in the testing chamber at different temperatures, the clifliculty

—. —
10C&talOg~e, cr~mer System of Air conditioning, 1909, Stuart W, Cramer, Howrud Block, P~ovfdence, R. I. (or Courthouse Squrme,

Charlotte, N. C., or Candler Building, Atlanta, G8.).
18NatiO=al Ad~iso~y committee for A.eroDaatim Technical P,epO~tNo. 36, “ The Structure of Airplane Fabrics,” by E. Dearr W“alml, 1919.
[9see Section VII of this paper.
!0Namely, one ~hiOh di~~ppears wh~n the diaphragm is allowed to remafn uder normal conditi~ns for a long enongh peri!xf.
!1The ~ffe~tsare ~Omp~~ble but the O&~~esare quite different. In metallic diaphragm pressure elements the change iS hgdy due to the effect

of temperature on the elastic moduli of the material,while in nonmetallic diaphragm pressure elements it is mainly due to expansion or contraction
to the material with the resultant change in the effective area of the diaphragm.



NONMETALLIC DIAJ?EERAGMS FOR IIWXITRUMENTS 429

TVOUMhave been eliminafied, but no practicable method of dob+g this was devised during the
i~~estigation.

Instruments with nonmetallic diaphragms are, with f em exceptions, ursuit ed for use under
conditions where the instrument temperatm-e will fall below- —20° centigrade. It is obtiously
important to hmow in designing the diaphrftgm the ra~~e of temperature to -which the instru-
ment will be subjected in use.

(5) Stretching.’’—The comparati-rely lo-w eIastic moddi of the nonmetdic materials
under discussion allow more or less stret thing of the diaphragms to take place. If the stretch
which OCCURis perfectly elastic, the principal effect is to cha~~e the effecti~e area of the dia-
phragm for any given deflection from what it -wouId be if no stretc~~ took place and thus
to aff ec.t somewhat the shape of the pressuredefleetion curve. However, if a certain amount
of permanent set occurs each time the diaphra=m is stretched, a progressive cha~ue takes place
in the pressure-deflection cur-re of the pressure element. This permanent set of t-en occurs,
bui fortunately the Successive increments become smsdler md smaller if the diaphraem mate-
rial is properly chosen for the loads it is to carry} and so the change constitutes part of the
seasoni~~ process of the dizphragm.

As might be expecked, the ~arious materials undergo this stretch~~ to a different degree
for the same pressure, and each material is affected more and more with increasing pressure.
The ma.~itude of the effect is, of course, dependent oh the stresses exist~o in the diaphra=a
and so is affected by the slackness ‘3 of the diaphragm as m-en as the applied pressure. These
stresses could be computed, at least approximately, for nonmetallic diaphragms, but no attempt
has been made to do this in any of the instruments us~~ nonmetallic diaphragm pressure
elements designed at the Bureau of Standards. Each problem has been investigated indi-
-riduaIly and a diaphm=m material chosen which experiment showed -would give satisfactory
performance under the stresses in-rol-red. AIum-tanned colon leaiher stretches the most of
any of the materiaIs -which -were tested in this in-restigation, but it has been found possible
60 season this Ieather and thus use it in many instances.

(6) Purmability:-%lost nonmet dlic diaphragms possess one defect which is not charac-
teristic of metallic diaphragms and which often causes the rejection of a particular material.
This defect is the permeability of the material; that is, its f ailure to prevent the passage of a gas.
Under ordinary conditions, this is not a serious matter, provided the material is not so permeable
as to produce a sufi2cient flow of air in the connecting tubes to cause aa appreciable friction loss.
When there are different gases on opposite sides of the diaphragm, ho-we~er, the permeabilit~
of the material may be important. A good ihstration of this maybe found in the static pres-
sure type ballonet volume indicator shown in Figure ID. The ease of this instrument is con-
nected to the gas bag of the dirigible and contains hydrogeu or helium, w-kale the diaphragm
chamber is connected to a ballonet and”so is fled -with air. ATOWwhen enough air leaks through
the diaphragm to back up into the tube connect~o the case to the gas bag, the differential pres-
sure act~o on the diaphragm w-ill be aItered, causing an error in the readi~~. Furthermore, if
hydrogen is the inflating gas, an explosive mixture may be formed in the instrument. In this
vohrne indicator provision has been made for flushing out the case and diaphragm chamber easily
when desired, thus remo-ring any mixture of gases which may have been formed.

As might be expected, the diaphra=~ materials were more highly permeable when su?a-
jected to high pressure than when subjected to low pressure. This is undoubtedly due to the
mat erial stretchi~~ and increasing the size of the pores. The permeability, therefore, is not a
function of the appIied pressure aIone, but depends a&io on the zamount of stretc.himg, which
in turn depends upon the stresses set up in the material In other words, the size and slack-
ness of the diaphragm must be considered as well. as the applied pressure.

A test for permeability is the first which should be applied to a material mhi:h is under
consideration for use as a nonmetallic diaphra=gn, for if this test gi-res unfavorable results, the

~N’atiand Adtisry Commfttee for Aeronautics Technfcaf Repart N70.16,“The Stretching of the Fabric and the Defcmnat ion of the En~eloFe
in N-omigid Balfoons” by RudoIph Haas end .41exander Dietzfu~, 1917.

x See ~e~. V-II. COmp@at~O~~- effe~$i~earea. C= ].

—
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material can usually be excluded from further investigation. Occasionally a highly permeable
nmterial may possess such excellent characteristics .im other respects that it may be worth
while to apply a surface treatment-to close the pores, but this is not in general the case.

(7) Indeterminate ~actom.-Even w-heu all the external conditions of the test are identical
as far as can be determined the diaphra.m may give slightly different results. The diflculty
of duplicating the condkions exactly makes it prmticW y impossible to study this point, but
there is one obvious reason why the performance should be slightly erratic. In mounting a
slack di~phragm, a number of wrinkles are usually produced, particularly at the edge. These
wrinkles change from time to time and the resistance which they offer to deflection varies cor-
respondingly. The slacker the diaphragm, the more trouble is caused from this effect. Con-
sequently for diaphragms -which are, to be very slack, a thin, very flexible material is desirable.
Dry goldbeater’s skin is unsatisfactory in thk respect, while alurn-tanned colon leather gives
excellent results.

V. METHOD OF TESTING ~MATERIALS AND DIAPHRAGMS

PERMEABILITY TESTS OF MATERIALS

The perrneabitity of the materials used was determined by fastening a piece of the material
between two metal plates in which had been dril~ed a hole 1 inch in diameter and subjecting it on
one side to the air pressure existing in a closed system of known voh.rne. A liquid manom-
eter connected to the system enabled the observer to measure the rate of fall of pressure dur-
ing tests and thus to measure the rate of flow of air through the material. The temperature
was maintained constant within z degrees centigrade throughout the tests.

TEMPERATURE, HUMIDITY, AND SEASONIKG TESTS OF DIAPHRAGMS

In conducting tests to determine the effect of temperature and humidity upon the materials
and to investigate seasoning, each rnaterid was tested in turn as a slack diaphragm in a Smith

Fm. Z.—nanometer used for testing nonmetallk diaphragms

balloon manometer. (See fig. 2.) This type of instrument was chosen because the construc-
tion was such as to f acilit ate changing the diapbagms and beta use the mechanism was -very
satisfactory, ex~lbiting little friction and exceedingly small temperature errors, Before tests
of the diaphragms were started, the effect on the mechanism of the instrument of temperature
changes was investigated. This was done by mounting a micrometer head in place of the
diaphragm and meas~ing over a Tvide range of temperatures the deflections of the spring (and
therefore of the diaphragm deflections) corresponding to the different scale. readings, The
effect of temperature on the micrometer head was known and the necessary correction was
applied. Tests at room temperature, at + 50° C. and – 20° C, indicated the temperature effect
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on the mechanism to be so small that it could be neglected in testing the diaphragms. From
—20° C. to -I-50° C., this effect averaged only 0.15 per cent for each lo-degree change from
+20° c.

The instrument -was khen used to determine the effects on the nonmet albc materials under
investigation of seasoning, changes of temperature and changes of humidity assuming the
performance of the mechanism to be constant under all. conditions.

In test~~ the dia@ra=ms it was considered desirable to have them sufficiently slack, so
that when deflected enough to produce a full-scale reading, the material would not be put in
direct tension. The deflection producing full-scaIe reading m-as found to be 1.85 millimeters.
A minimum slackness of 1.003 ‘4 -was found sufbcienfi to give this deflection without subjecting
the diaphragm to direct tension.

An inchned U tube of large bore fNed with benzol and calibrated by means of a v&tical
w-ater column -was used to measure the pressure required to deflect the diaphragm.

When the diaphra=g had been mounted in the instrument it was rested for several hours,
after which room temperature tests were run. It w-as found in general that consecutive cali-
brations under the same conditions of temperature and humidity, M nearly as couId be ob-
tained, would not agree unless at least .20 minutes eIapsed between the tests. Tw-ent-y-fi~e
deflections corresponding to full-scale reading were administered in some instances and several
room-temperature tests were made, imme”tlately after which the diaphragm appemed to be
more flexible than at first, but after an hour’s rest thd further room temperature tests agreed
approximately with the origgal tests.

Dii%culty was experienced in determiningg the effect on the diaphragm of temperature and
humidity separately. With the object of obtaining the diaphragms in the driest possible con-
dition, tubes containing calcium chloride were inserted on both sides of the diaphragm in the
apparatus. The air in the system was forced back and for~h on both sides qf the @aphragm
for several hours each day to facilitate the absorption of the moisture by the calcium chloride.
It was assumed that this process of eliminating the moisture was practically complete although
the humidity of the air in the system -was not measured. Evidence as to this point will be given
later in the paper under the dehded results for various materials.

In general, most of the pressure elements became stfier upon the removal of moisture from
the diaphragms, and since the rate at which the moisture was removed Mered for each material
and since no measure of the humidity was feasible, four or five days -were allomed for drying,
during which time several room-temperature tests -were made esch day in order to note the
stiffening. When the process of stiffening appeared to be complete, Lhe diaphragms were
co~~idered ready for temperature tests.

Following a period of 24 hours’ r~st the pressure elements were calibrated at approximately
+20°, +10°1 0°, – 10°, and – 20° C. They mere then auom-ed to return to room temperature,
and after a further rest of 24 hours had been given them, room temperature tests were made to
see if the low temperatures had caused any permanent changes in”the diaphragms. After another
24-hour period of rest the temperature was graduaIly increased from approximately + 20°, to
+30°, + 40°, and + 50° C., a calibration being made at each temperature. After the pressure
element had been brought back to room temperature and had rested for 24 hours, a further
series of room-temperatme tests extending over several days ~as made. The drying tubes
which were connected ho the instrument throughout aIl the temperature tests were then removed
and air under existing atmospheric conditions w-as allowed to come in contact with the dia-
phragm. After several days, room temperatm-e calibrations were run to determine how closely
the diaphragms would agree with the original calibration, although owing to the usual change
in humidity of the atmosphere since the beginning of the tests, it was not anticipated that exact
agreement vrouId be found.

:{s~~~e~.y~. ~~~p~~~~~of ~ff~ti~e area. cna 1.
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VI. TESTS OF NONMETALLIC MATERIALS AND DIAPHRAGMS

RESULTSOF PERMEABILITYTESTS
.

With a few’ exceptions tlt~ materials investigated proved to be sufficiently impermeable to
air for general use. l’ests were made up to pressures of! 10 pounds per square inch. The f ol-
Iowting materials Were found to be practically impermeable under this pressure:

1, Rubber.
2. !!Jreatecl

(a)
‘(b)
(c)
(a)
(e)

(f)
(g)

3. Leather
(a)

(b)

fabrics.
Toussaint-Lep&re rubberized silk.
Goodyear rubberized silk.
Balloon fabrics.
Cotton treated with tung oil.
Silk treated with tung oil.
Airplane fabric.
OiIed silk.
and skins.
Untreated.

1. Alum-tanned colon leather.
2. Goldbeater’s skin.

Treated.
1. Zephir leather.
2. Bung-gut leather.
3. Vegetable-tanned CO1ODleather.
4. Kid skin.

The following materials were found to be so highly permeable as to be unsuited for use as
nonmetallic diaphragms, the one possible exception to this statement being zephir ]eather.
In spite of its fairly high permeability, this material appeared to be worthy of further investigat-
ion owing to other clesirable characteristics.

1. Untreated fabrics.
(u) Silk.
(6) Cotton.

2. Untreated leathers and skins.
(a) Zephir leather.
(~) Bung-gut leather.
(c) Vegetable-tanned colon leather.
(d) Eid skin.

Since, as has been shown, the permeability of the material varies not only with pressure, ,
but also with the size and the slackness of the diaphragm, the above results are not definitely
conclusive. However, since the maximum pressure used in the tests was many times greater
than any which would probably be used in prac~ice, it will be found thati these results are
applicable to nearly any practical case which may arise.

RESULTS OF TESTS FOE EFFECTS OF TEMPERATURE, HUMIDITY. ETC.

A large number of materials% were tested in the Smith manometer, as already described,
to cfetermine their performance as slack diaphragms. ‘rt is not worth while to discuss in detail
the results obtained for all of these materials. Instead, detailed results will be given for the

most suitable materials tested, and in addition for se~eral materials which, while not suitable
for use, exhibited to a marked degree certtiin characteristics which many of. the other materials
showed to a slighter extent. A study of these outstanding characteristics sheds light on the
performance of nonmetallic diaphragms. The results for all the materials tested are summarized

in Table L

~Ss~~T’&b~~1far the complete kt.
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ALUM-TANNED COLON LEATHER 15NTRE&TED

De.scription.—Mm-ta.med colon leather (fig. 3) -when recei+ed from the manufaeturel
was in the form of creamy-white translucent skins, a-rera=~~ about 24 inches in length, 10
inches in width, and 0.001 inch in thickness. It was -i-cry soft, pliable, smooth, limp, and
ligbt in weight, yet strong, tough, and uniform. The surface evidently had been powdered
with a white tale, the ~Ycess of which was easily remo~ed. with” a cotton duster.

S~ac?:ness?q—Mter mounting a piece of the above-described ma,terid in a Smith manometer,
the slackness was determined as 1.003, but after all tests had been completed the slackness
was found to have increased to 1.005.

Seasoning.—The change in slackness in this instance constitutes, at least to a Iar.ge extent,
the season@ process, and this effect can be recognized easily in Figure 3 by the gradual
increase in ffe.xibilitiy of the diaphragm throughout the series of tests. This charge in slackness
produces a sIight change in the load-deflection curve of the pressure element~7 but is so smaIl
in this instance that it can be neglected for practical purposes. It is preferable, how-ever, to
season the diaphra=a before i~ is used.

12epetition.-This material repeated its performance wall both on the same and on different.
days, regardless of variations in weather conditions. This is probably due to the filling of
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FIG. 3.—Untmsted alum-tannwl don leather

the minute pores b-y the tanni~~ process. Goldbeater’s skin, the results for which are shown
in Figure 8, is a good example of the performance of this same material’s when the pores are
not filled.

Tlwipwaiure.-An increase in stiiliiess of abcut 3.3 per cent. at the lowest temperatures
wilI be observed from Figure 3, while at high temperatures the. maximum increase in ffesibility
was approximately 4.5 per cent. This maximum increase in flexibility wxs not caused
entirely by increased. temperature, but, -was aided by the seasoning produced during the series
of tests, so bearirg this in mind it can be seen that the effect of 1O-Wtemperature -was practically
the same numerically as that due to high temperature. No perrmmerd effect due to high or
low temperate was found.

Hysteresis?’-The average hysteresis exhibited by this material -w-assmall, being about I
per cent. of the maximum reading. The hysteresis -was practidly unaffected by changes in
temperate.

F7ezWity of material.—This Ieather was the most eIastic and pliable material tested during
the investigation.

The results of the tests of this material are shown in somewhat more detail in I&y-me 3.
The data for each test are given on the vertical line through the number representing that test.

~%eSec. WI. Computation of e~ective sre8. Case 1.
ii Sw Section VII of thk report.
u GO1dbeate~,~~~ ~d the ~~1~~leather ~e m~de f~~mthe outer ~Oatof the CZSC- of the OX,the tit being tied and the ~em~d treed.
~ Hysteresis is the e.rce= of preasse required to prodnce a gi~en instrument reading, with pre,ssure increasing, o~er that reqnired to produce

the same reading with pressure detraass.

—

..— —
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Directly above the number of the &est is given the temperature of the pressure element for that
test. Above the temperature is indicated the approximate relative humidity existing in the
testing system. Where the relative humidity is given over a number of tests a.s “ 51 to O,” as
in Figure 3, for example, this is to be understood as meaning that the relative humidity was
decreasing throughout the tests, tending toward zero, although, of course, it–never reached
this value. Above the values of the humidity are given the values of the hysteresis expressed
as percentage of the total range. These are obtained by averaging the values of the hysteresis
for all of the test points, dividing this result by the pressure required to produce full-scale
deflection of the pointer, and expressing the result as a percentage.

Above the values of the hysteresis is given the variation in stiflness of the pressure element.
The stiffness of the pressure element is defined as the ratio of the hydrostatic force acting on
the diaphragm to the deflection of the spring which restrains the motion of the diaphragm; i. e.,

Stiffness of pressure element 30=‘~.

An average value of the stiffness of the pressure element for a given test was obtained by com-
puting the stiffness for each scale graduation at y’hich.readings were taken and averaging these
results. The value plotted for each test is the difference between the average stiffness for the
test in question and that for the first test divided by the stiffness for the first test, the result
being expressed as a percentage.

ALUM-T.4NNED COLON” LE.4THER TREATED WITH ACETATE-CELLULOSE DOPE

L)escription.—The skin was mounted on a frame (fig. 4) stretched to make it as smooth and
uniform as possible and duste-d. The dope” was applied by means of a camel’s-ha.ir brush. A thin

coating was brushed on quickly and uniformly on both sides of the skin. The skin was then
permitted to dry thoroughly over a period of not less than 10 hours while on the frame. It
was then removed from the frame and a suitable diaphragm which proved to be 0.002 inch thick
was cut out.
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FIG. 4,—.Mum-tanned colon leather treeted m)th acetate-celkdose dope

Slackness.—The sIackness of this diaphragm was not measured until all tests had been com-
deted, when it was found to be 1.005.
1

S;asoning.—A small amount of seasoning appears to have taken place during the first two
tests of the di~phragm. Figure 4 shows that the diaphragm stiffened slightly, the a~erage change

–v.
:0Compare with definition of stiffness of spring given in Section IX.
S1This doPe mmkted of 1.5~LM~eSof solubl~ gun cotton dfssolved in two-thirds of a pint of $myl acetate end 1 ounce of Canada bakam Mkd

with 1 fluid ounce of castor oil dissolved in one-third pint of groin alcohoL The advice and eoopsw+tionof members of the Chemistry Division M

the Burwu of Standards in connection with tbe doping of the materiafs are acknowle~ed.
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for the first three tests being between 1.5 and 2 per cent. At the end of all the tests, the &“a-
phragm appeared to be in a stable condition, repeating its performance and showing a. stiffening
of 2 per cenfi. from its oria@nal condition.

Repetitwn.—This material repeated its performance well, both on the same and on
Merent days regardless of variations in m-eat.her conditions.

Tertiperature.-An increase in stiffness of about 21 per cent. took place at the lo~est tempera-
ture while at the l@hest temperature the increase in flexibility amounted to about 5.5 per cent.
These large temperature effects were mainly due to the surface treatment. No permanent
effect due to high or low temperatures -was indicated.

Hystewsis.—The average hysteresis exhibited b-y this diaphragm at room temperature was
about 2.5 per cent. of the maximum pressure. The hysteresis increased to abouti 5 per cent.,
however, at temperatures of – 17° centigrade and below. Obviously the surface treatment
affects the hysteresis exhibited by the diaphragm, increasing it over the value obtained for the
untreated colon leather, a~d causing it to be affected by 10-wtemperatures.

I’ZexiZriJityOj-materiaL-This material was found to be slightly stiffer than the plain alum-
tanned colon Ieather o-wing to the surface treatment.

its

ALUM-TANNED COLON LEATHER TREATED WITH COLLODION DOPE

Thic?mew.-This material averaged 0.003 of an inch in thickness?’ (See fig. 5.)
SZa&ess.-Mter thismaterial had been prepared and mounted in a Smith manometer,

slackness was found to be 1.007.

iirioi iii
.

Temperofurein‘C
FIG. 5.—AIum-tanned colon leather treated with dfodioa dops

Sea.soning.-Litt.le, if any, effect of seasoning is shown in Figge 5.
Repdition.-The diaplwagm repeated its performance very welI both on same and on dif-

ferent days, regardless of weather conditions.
Tmnperature.-An increase in stiffness of about 11 per cent. at the lowest temperatures -will

be observed from the first group of tests on the plot =hile at Lhe highest temperature the increase
in flexibility amounted to about 6 per cent., these large temperature tiects being accounted
for by the surface treatment.

It was intended to stop the tempe~ature tests here, but the instrument was accidentally
alIowed to remain at a temperature which increased from + 50° C. to’+ 70° C. over a period of
~g ~ours. Ati the end of this time a test was made at. a temperature of +70” C. and the results
showed considerable stiffening, as can be seen from Figure 5. It is believed that this stiffening

;2~&.dO~e~~~~d of~ ~l=tiea Ofs p@~ ~uodio~, I prt eaator oil, ad 1 pmt mciutchoue solution.

—
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.
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at increased temperatures was probably due to further drying of the diaphragm} since at the end
of the series of tests, the diaphragm hating been allowed to adjust itself to normal atmospheric
humidity, there remained a residual stiffening of only 2 per cent. above the original stiffness of tho
element. This small value would seem to indicate that the high temperatures produced nto
appreciable permanent effect. Another series of tests was made at low and high temperatures.
On this second series of tests, the diaphragm stiffened by approximately the same amount as it
did for the same temperature decrease on the first series. On heating, however} tho diaphrtigm
continued to become more flexible up to the highest temperature reached, + 70° C. The fact
that, on the second series of tests, the diaphragm continued to increase in flexibility up b}
+ 70° C., while on the first series it grew stiffer from + 50° C. to + 70° C,, is believed due to
the time factor, the time for which the high temperature was maintained being 1 hour for the
second series as against 22 hours for the first, the diaphragm thus having time to dry out much
more during the longer time interval.

Hyste~esis.—The a-rerage hysteresis exhibited by this material was small and fairly constant
throughout these tests, being about 2.3 per cent. of the maximum-pressure range. hTocorrela-
tion with temperature or time was indicated.

FlezibiZitg of ma#eria?.-This material was found to be slightly stiffer than plain alum-
tanned colon leather, owing to the surface treatment.

ZEPHLR LEATHER TREATED WITH ACE-T.4TE–CELLLILOSE DOPE

De.scription..-Zephir leather when recei~ed from the manufacturers was in the form of skins
about the same size as those of ahnn-tanned colon leather but somewhat thicker. The average
thickness was found to be about 0.004 inch. The skins were slightly yellow, translucent, smooth
and strong, but were considerably less pliable, and less uniform in structure than the alum-
tanned colon leather. They were highly permeable to air as already stated, and on this act.~unt
could Dot be tested until given a surface treatment. In order to make the material more
flexible the skins were split and were then treated to decrease their permeability. (See fig. 6,)
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FIG.6.—Zephir leather treated with acetate-cellulose dope

Thicknesi,—This material measured 0.0025 inch.
Slackness,—The slackness of the diaphragm wras not measured until the completion of the

tests when it was found to be 1.005.
Seasoning.—hTo appreciable effect of seasoning can be detected from the results giwm in

Figure 6,
Repetition .—This diaphragm repeated its performance very well regarcllms of weather

conditions.
Tentperature.-A temperature of –20° (2. caused a stiffening of 13.5 per cent., while a

temperature of + 50° C. caused an increase in flexibility of 7 per cent. No permanent offec t
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clue to temperature changes could be detected, but the final room temperature tests showed
an increase in flexibility of about 0.5 per cent. over the orig@al room temperature tests. This
effect may be due to seasoning or to a change in humidity. The effect appears to be permanent
but is very small.

Eystere&.-The average hysteresis exhibited by this material w-as snmll, abou~ q per
cent. of the ma.tium-pressure range. The hysteresis increased to 3.8 per cent. at the lomRst
temperature.

F7exi6iZity of maWial.-The double thickness zephir leather was considerably stiffer than
alum-tanned colorL Ieather, but after it had been spLit and treated it was found to be much more
flexible, although not equal to alum-tanned colorL leather in this respect.

ZEPHIR LEATHER TREATED WITH SGI,PHOXATED OILS

.% skin of double thickness zephir leather was split, and was treated with oil w by the
method already dwcribed for doping the skins (%P. 7). It. was allowed to dry for five hours and

Tesfrider

Temperatureh “C

FIG. 7.—Oiled zephir leather

then a diaphraag w-as cut and mounted in a Smith manometer. The material was found to
be 0.0025 inch in thickness.

S7aclmess.-The sIaclmess as determined before any tests were conducted was found to
be 1.003.

Seasoning.—The decrease in stiffness from test NTO.4 to test NTo. 5 is probabIy a ~eason-
ing effect. Test ATO.5 was made .30minutes after 25 full-scale deflections had been given. It
is believed that this -was a permanent change. The gradual increase in stiffness with further
tests is accounted for by the drying ou~ of the materiaI.

Repetition.—The repetition of performance was sIightly more variable than thtit shown
by the materials already disc~~sed. The oil appeared to be comparatively sensitive to slight
changes h humidity and temperature.

Tempwature.-.kt the lowest temperature an increase in stifl’~ess of 13 per cent. o~er that
at room temperature was exhibited. A portion of this appeared to be permanent, for after
resuming room temperature, the diaphra=a appeared more flexible than before the Iow tempera-
tmre tests were made. This increased flexibility -m.s undoubtedly caused by the absorption by
the diaphra=yn of condem~ed moisture resdting from the change from low to room temperature
and not by a permanent temperature effect.

An increase in flexibility of 8 per cent. from tesi h’o. 16 at + 20” C. to test Ko. 19 at +50°
C. is indicated in l’iiure 7. A-s the drying process was continued, the diaphraaw continued to
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stiffen, the effect shmn in tests 20, 21, and 22 supporting the view that the diaphragm hvd
absorbed condensed moisture in warming up after thg low temperature tests. In the final

tests the performance agreed fairly well ~vith t~lat Of.f~le fist. room tewera~ure t=ts after
preliminary seasoning had occurred. No permanent effects due to temperature changes could
be detected. Tests showed, howe-rer, that from 48-to 72 hours was required for changes
produced by abnormal temperature and humidity conditions to die out.

Hysteresis.—The a~erage hysteresis exhibited by this material was slightly greater thrm
shown by the materials previously discussed> being about 3.5 per cent. ~f the maximum-pressure
range. The hysteresis was erratic throughout the series of tests and in addition increased
noticeably at low temperatures and decreased at high temperatures.

Flexibility oj materia7.—This material was not as flexible as alum-tarmed colon leathw.

GOLDBEATER)S SKDi

Stackness.—This diaphragm of ordinary goldbeafer’s skin (fig. 8) 0.0009 inch thick was
mounted in the Smith manometer and found to have z slackness. 1.003 before tests were mad~.
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FIG. 8.—Untreated goldbeater’s skin

S’easoning.-i’io effect of seasoning could be detected definitely because of other factors
having a greater influence on the behavior of the material.

Repetition. —This material did not repeat its performance either on the same or on diflwmnt
days , This may be accounted for by its extreme sensitivity to changes in humidity. The
difference in stiffness between the first and the final tests would probably have been grea~ly
recluced if the diaphragm had been allowed to adjust itself to ordirmry atmospheric humidity
for a longer period of time and had Lhen been tesked~.

Temperatuw.-This material illustrates the difficulties ex~erienced in attempting to c{is-
tinguish the effects due to temperature from those due to humidity. From Figure 8 it will be
seen that as the drying process proceeded (after test NTO.5) the diaphragm grachmlly b“ecanm
stiffer, the change being more or less erratic but in the same general direcbion. V7hen the
temperature was decreased the only apparent effect was that this progressive change prmti-
cally ceased, and when the temperature was increased the progressive change continued
much more rapidly than at room temperature. Noiv this effect may ha-re been due to the
fact that the relative humidity was great er at the lo-iv temperatures and less at the high temper-
atures than it would have been ~t room temperature, or it may ha-i-e been due to temperature
alone. Either explanation is plausible. It is probable, however, that change in humidity is
the controlling factor.

Hysteresis.—The hysteresis exhibited by this material was very small. In some tesis it
was negative and others positive. The average hysteresis was about +0.25 pm cent. of the
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maximum pressure range. JVOentirely satisfactory theory has yet been admmced to explain
this negative hysteresis, a.ltho~~h a fairly reasonable explanation of negative drift in non-
metallic diaphraam pressure eIements is given later in this paper. ●

F7exiMzzly oj mat.wial.—This material was much stifler than alum-tanned colon leather.
The fact that goldbeater’s skin is so sensitive to changes in humidity and temperature

makes it worthless for use as nonmetalk diaphraam.

COTTON TREATED WITH T~”G OIL

Description.—This mat eria.1 (fig. 9) when recei~ed was already prepared. The exact
treatment is not known. It was found upon examination that the cotton cloth had a thread
count of 130 per inch in one direct-ion and 140 per inch ati right anglw. It contained approxi-
mately 3.4 ounces of oil per square -yard and appeared as a dirty green glistening fxbric with
a fairly rough surface. It measured 0.007 inch in thickness.

Testnunba-
[ 5 9 [3 1? 2/ .25

kmperafure h Y
~G. g.—cotton tri?Otd With tml~ Oil

Slackness. -Mter mounti~ a diaph~an~ of the abov-e-&scri.bed material in a Smith
manometer the slackness -was determined and found to be 1.008. No measurement was made
aft er the tests -were completed.

8ea.son~ng.-This material sho-rred a .wall progressive increase in flexibility throughout the
series of tests as can be seen from Figure 9. This change appeared to be permanent.. The
difference in a-verage pressures bei%een the fit two room temperature tests and the last five
room temperature tesk -was aboufi 2.5 per cent.. T& effect does not appear to be due to the

@g out of the matefial, s~ce if the figh and IOW temperature tests are left out of considera-
tion the resuIts of the room temperature tests appear to be nearly independent of humidity.

Repetition..-This was fairly good both on the same and on difFerent days, regardless of
variations in weather conditions.

Temperature.—If the results for twts 14 and 15 are neglected, the effect of lowering the
temperature to – 18° (1. w-as to decrease the sti.fbess of the pressure element by about 3 per cent..
Similarly, an increase in temperature to + 50° C. increased the stif?nes; of the diaphragm abou~
2.5 per cent. The fact that the diaphragm gre-w stiffer -with increase in temperature and more
fIexible -with dectiease in temperature is worthy of note as this is unusual. It is doubtful if the
effect is due to humidity, owing to the apparently sma~ effect of changing the humidity while
holding the temperature constant.

Bysteres~s.—The a~erage hysteresis exhibited by this material was about 3.8 per cent of the
m~tium pressure r~~e. There was an increase in hysteresis to 6 per cent at the lowest
temperatures.

~em%~l~tq of matwia7.-This material was considerably stiffer than alum-tanned colon
leather.

5z~l_2~9
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RUBBERIZED COTTON

Description.—The exact preparation of this material (fig. 10) was not learned. It was
determined that the material was cotton with a thin coating of rubber on one side. It averaged
0.0055 inch in thkkness.

Slackne~s.—After mounting a diaphragm of this material in a Smith manometer the slack-
ness was determined and found to be 1.008. NTOmeasurement was made after twts were com-
pleted.

Seasoning.—The reason for the abrupt increase in stiffness for test No. 3 is not clear. If ii
were due to the drying out-of the material a progressive change would be expected, alihough it
is possible that the diaphragm responded very rapidly to the sudden change in humidity. Ev_i-
dence in favor of this change being due to humidity is found in the results of the last six t&s.
Here an equaNy abrupt decrease in stiffness is found when the diaphragm is again subjected
to existing atmospheric humidity. In addition, it can be seen that the results of all tests at
normal atmospheric humidity (1, 2, and 39 to 44) agree very well if we discard the results of
test No. 42. On the whole, the evidence seems to indicate that no measurable seasoning has
taken place.

Repetition.—This material repeated its performance ~ery well under similar conditions.
Z’emperature.—This diaphragm proved to be surprisingly free from temperature eflects.

No appreciable change in stiffness occurred either at high or at low temperatures. ??ollowing

Tesfnumber
I 5 9 f3 IT 2/ 25 29 33 37 4f ~~

10

5
Variaf@ in
sfiffnessinU
per cent

-5

2

Hysteresis~
inper cenf

-2

Temperofurein“C

FIG. 10.—Rubberized cotton

tests at high temperatures, a series of room temperature tests indicated a slight but temporary
increase in stiffness. No reason for this could be assigned.

Hysteresis.—The hysteresis exhibited by this diaphragm was small and remained nearly
constant in amount under all conditions encountered. in the tests.

FZemibility of materiaL-The material was far stiffer than the alum-tanned colon leather.

TOUSSAINT-LEPkE RUBBERIZED SILK

Thickne$s.-This matwial. (see fig. 11) was 0.0048 inch in thickness.
Slackness. —After mounting a diaphragm of this material in a Smith manometer the slack-

ness was found to be 1.005.
A’easoning,-If any seasoning effects were produced they were too small to be detec~ed.

The final tests of the diaphragm agreed very well with the first.
Repetition.—This was very good both on same and on different days under varying weather

conditions.
Temperature.-In order to understand the effect of temperature on this material, it will he

necessary to consider in detail the conditions experienced during the tests.
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After test No. 5 the drying tubes were connected h the apparatus and the gradual increase
in stiffness resuIt&r is obvious from the plot. The effect of humidity alone on the material
is thus clear. Tests Nos. 18 and 19 mere then run at temperatures of – 12° C. and – 20° Cl,
respect iv-eIy, and showed little elf ect on the performance. The next test, however, at –25° C.
caused further stBen& of the diaphra=w. Upon bringing the diaphragm back to room &xn-
perature and testing, it was found to be in a more flexible condition (test No. 21) than just
before the low temperature runs. A further series of room temperature tests showed a gradual
stiff ening of the diaphrana, approacMng the condition which existed before the low temper-
ature runs were made.

The explanation of this performance appears to be somewhat as folIows: The fabric would
have stift’ened at low temperatures had the relative humidity been constant, owing to the effect
of low temperatures on the rubber coating. As the temperature was Iowered, how-e~er, under
the conditiom of the tesis, tihe relative humidity increased rapidly, thus tend~~ to make the
diaphragm more flexible. These two opposite tendencies appear to have balanced approxi-
mately between temperatures of —12° C. and —20° C., but at —25° C. the stiffening of the
rubber appears to have o-rerbala.need the tendency to-ward increased flexibilityy owhg Lo the

Testnumber
[ 5 9 /3 17 2/ - 25 29 33 37 4/

Temperature in72

FIG. 11.—Tousmint-Lepere rubberized siIk

increased reIative humidity. Immediately after the diaphran= was bro~eht back to room
temperature, part of the effect of the I@h relative humidity remained and this may have been
accentuated by the absorption of condensed moisture on the diaphragg. FoIlowing this
the diaphragg continued to dry out and the pressure element became gradualIy stiffer, There
appears to have been little, if any, permanent effect due to 10-wtemperatures.

Ordinatiy the effect of increased temperatures is to increase the flexibility of a pressure
element ~ but in this inst ante for temperatures above normal room temperature the pressure
element exhibited an increase in stif?ness amountiq to about 2 per teat. at the highest temper-
ature (+ 50° .C?.). This effect may be accounted for by asstig that further dry@ due to
the decreased relative humidity had a much greater i..nflue~ce on the performance than did the
high temperature. After resum.irg room temperature again the diaphragg indicated by its
increased st,i.flness that stiIl further drying had taken place.

When the dryirg tubes were removed a few tests sticed to show that the materiaI had
absorbed its normal amount of moisture, had returned to its original room temperature per-
formance, and showed no permanent effects due to temperature.

Hysteresis.-The average hysteresis exhibited by this material was small, being about
1.7 per cent. of the maximum pressure range.

FlexiZiZiiy of matmiaZ.—.This material was only slightly stiffer than alum-tanned colon
leather.
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SINGLE-PLY RUBBERIZED BALLOON I?ABRIC

Description.—The exacinature ofthismaterial_ (fig. 12) wasnot known, but itwasfouncl
to be a single-ply fabric treated with rubber in such a way that the IatLer was absorbed. It—
measured d.0077 inch in thickness. The surface >vas smooth wibh a wax-like finish. The
material was tested to obtain further evidence as to. the performance of rubberized materials.

S’Zac?mew.-After a diaphragm of this material had been mounted in a Smith manomeker
the slackness before tests was found to be 1.007. No determination was made after completion
of tests.

Seasoning.-No effect of seasoning could be detected positively. There. appeared to be a
slight increase ti stiffness before the drying tubes were put on, yet at the conclusion of the tests
the pressure element returned approximately to its original performance.

Repetition.—This was fairly good both on the same and on difTere~t days, regardless of
chapges in weather.

T.empemtu~e.—Decreasing the temperature caused the pressure element to become stiffer,
while increasing the temperature produced the opposite effect. There is either a permanent
effect caused by temperature changes or, what appears to be .somevvhat more probable, a lopg-
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~G. 12.—Rubberized balloon fabric (single ply)

continued trausient effect. This is shown by the gradual stiffening of the pressure element
following the increased flexibility caused by high temperatures.

.Hysteresis.-The hyshmesis exhibited by this material was excessive and was very enxitic.
The average value was 5.3 per ce~t. of the maximum pressure range.

FZezWity of mczterial.-This material was very much stiffer than alum-tanned colon
leather,

SMITH OILED SILK DIAPHRAGM

Description.—This diaphragm” had a smooth, glossy surface, and appem-~d to he entirely
free from air bubbIes (fig. 13). It had a greenish color and. appeared fairly umform.

SZac7cness.-This was not determined for this diaphragm.
Seasoning.—No effect of seasoning is evident from the results plotted in Figure 13.
Repetition.—The diaphragm repeated. its performance fair13~ well on the same and on

different days, regardless of weather conditions.
Temperature.—The diaphragm showed a slight increase in flexibility under low temper-

atures and a slight increase in stiffness at high temperatures. There was no permanent effect
evident after the diaphragm was finally brought back to room temperature.

.—
34 From smith BatIoon ?v&mordw’ Identification No. 733.
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Hyste~e&.-This diaphragm exhibited negafive hysteresis in a number of room and high
temperature tests. The average hysteresis for all tests =as 0.75 per cent of the maximum
pressure range.

F7ctiWity.—This mat.erial was somewhat sttiffer than alum-tanned CO1ODIeather.

AG~”G TEST OF A TAUT RL~BER DIAPEBAGM

~ heavy rubber diaphragm (figs. 14 and 15) 1 millimeter in t.hicknws was mounted in a -rery
taut condition in an Ogilvie airspeed meter case. ‘Ilk rubber -was prepared’s by the Rubber
Section of the Bureau of Standards, using the hot process of vulcanization. The object of

Testnumber
I 5 9 [3

Temperaturein“C
FIG. 13.—Oikd silk diaptigm In Smith balfmu
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FIG. 14.—lmxd4eEection cnmw for taut rubber diaphragm shaving

effect of 3geing

the tests -was to det.ertie the magnitude of the effect of ageing under ordinary conditiom
and the rapidity with which this effecti took place.

T-wo days after the diaphragm -was mounted the pressure-deflection curve obtained was
found to be almost a straight Line as shown in F@re 14. About six months Iater the diaphragm
was found to have become much more fletibIe and the curvature of the pressure-ddection
curve had become -more pronounced. See Fiawe 14. At the end of one year the flexibility
of the diaphragm had increased stilI further and the curvature of the pressure-deflection curve

Timeinmanfhs
FIG. 15.—Chmge in ffenifliky or rubber diaphragm with time

had become still more pronounced. Following this the diaphragm began to stiffen slowly as
shown in Figure 15. The maximum increase in f3exibiIity exhibited by the diaphragm was
about 70 per cent. In spite of the magnitude of this effect it is believed that no appreciable
part of it was due to slipping of the diaphragm on the rim. The ageing was caused by the
slow oxidation taking place in the rubber and the decrease in elasticity due to the initial tensio~.

This diaphragm is inferior to the rubber diaphragms used in the Ogihie airspeed indicators,
bui it does illustrate the characteristic e~ect of ageing on rubber. Such remks as are shown

in Figures 14 and 15 indicate that the diaphragm mouId be useless owing to the great change

1$By Mr. S. Collier

.
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in its elastic properties. Recent investigations in France 38indicate, however, that, by adding
certain substances to the rubber in the process of manufacture, the oxidation of the rubber
can be greatly retarded and the elastic properties of the material retained over a period of
years.

EXPANSION OF MATERIALS WITH INCREASE IN RELATIVE HUMIDfTY

In order to study the expansion and contraction of nonmetallic diaphragm materials with
changes in humidity, known lengths were marked on strips of these materials, which were
then suspended f~om ~ frame in a bell jar in which the humidity could be controlled. Not
only the magnitude of the changes in length of these strips with changes in humidity was thus
determined, but the rate at which the strips responded to sudden changes in humidi~y was
measured. In general, the strips lengthened M the relativ-e humidity increased. The effect
of this expansion of the material where a diaphragm is concerned would be to increase its
effective area 37for positive deflections and to decrease it for negative deflections, thus Mecbing
the form of the pressure-deflection curve. The results of these tests are shown qutditati~ely
in columns 6 and 7 of Table L

SUMhfARY OF RESULTS FOR ALL MATERIALS

This summary (Table I) iriclucks a compilation of the results for all of the materials pre-
viously described and for a number of miscellaneous materials, for which the tests were not
discussed in detaiI. The table is valuable in that it informs the reader in a general way what
may be expected of each material with regard to performance and affords a means of making
quickly an intel.Iigent selection of a suitable material for any given purpose.

The first column names the material and specifies what surface treatment, if any, was
given.

The second column gives the average thickness of the material in thousandths of an inch.
The thickness of any one material of this nature is an extremely variable quantity as might
be expected.

The third column, giving the flexibility or pliability of the materials relative to nlum-
tarmed colon leather has no very scientific basis, but is the result of the judgment of several
individuals who had handled these materials. The larger the number ~ssigned to the relative
flexibility the less fleiiible was the material,

Columns 4 and 5 are clear. All of the materials=were satisfactory, as far as seasoning is
concerned. AN of the materials which age “very slowly” and most of those which age “slowly”
are satisfactory in this respect, It should be understood, however, that any material con-
taining rubber will be seriously affected in the course of time.

Columns 6 and 7 relate to the effect of changes in humidity on the diaphragm. Column
6 indicates the relative magnitude of this effect on the different materials and shows the markecl
improvement resulting in some instances from the application of a surface treatment. Column
7 indicates the rate at which the materials respond to changes in humidity. Those materials
which respond slowly might be practically unaffected by daily variations in humidity but
would be affected by changes in the average humidity extending over a period of weeks or
months. Those materials which are said to respond quickly are affected appreciab~y by the
ordinary changes in humidity which take place from hour to hour.

Columns 8, 9, 10, ancl 11 show the effect of temperature changes on the materials. Those
materials which undergo permanent changes when subjected to high or low temperatures are
obviously unsuited for use uncler conditions such that these temperatures may be experienced.
All of the materiak exhibited a measurable transient effect with the exception of the rubberized
cotton. Columns 8 and 10 show the increased effect of temperature changes on colon leather
af fier a surface treatment had been applied. In general, the effect of high temperatures is to
make the pressure elements more flexible and of low temperatures to make them less flexible.

.—
~The Action of Oxidation Inhibiters on Rabber, Cornpt6s Rendus, vol. 177,pp. 2M+3C. A. 17,3625(1923),by And.c6Helbronner and Gustave

Bernstein.
!7 see &~tiO~ ~ [ 0[ tht~ rqjcyt,
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This is shown in columns 8 and 10. It is seen, however, that anomalous res.dts were obtained
for some of the materials. Gotton and silk treated witih tung oiI and Goodyear rubberized silk
were found to give pressure elements which became more flexible at low temperatures and
stiffer at high temperatwes. The reason for this is Dot known positively, but dependence
can be placed on the results, for in eaoh case several diaphragms were carefully investigated.
In addition untreated goldbeater’s skin and Toussaint-Lep.3re rubberized silk stfiened with
both increase and decrease in temperature. The probable reason for this peculiar behtivior is
discussed earlier in this report under the description of the tests of these materials.

Columus 12, 13, and 14 show the character of the hysteresis of pressure elements of the
various materials. The statement that the hysteresis was “stable” means that the mrgnitude
of the hysteresis was practically the same for successive tests under the same conditions. Fig-
ure 3 illustrates ‘rstable’7 hyst eresis~ while Figure 12 illustrates erratic hysteresis.

Column 15 distinguishes beiwee~ those materials which were too permeable for practical
use as diaphragms at pressyres less than about 10 pounds per square inch and those which were
satisf act ory.

DISCUSSION OF CERTAIN RESLT.TS

XEGATIVE DRIFT AXO HYSTERESIS

The negative drift 3s and negative hysteresis 3’ exhibited by some of the pressure elements
studied in this investigation are worthy of comment. When metallic diaphragm pressure ele-
ments are used the drifii is always positive, since it is due to the inelastic yielding of the material
u~der stress. With nonmetallic diaphragm pressure elements, however, it has been found that
a negative drift may often be obtained.

It is believed that in all probability y this phenomenon is caused by abnormal diurnal changes
in humidity. Since drift tests, as made at the Bureau of Standards, usua?ly extend over a
period of five hours, they are started in the morning and cud late in the aftermoon. In general
the relative humidity decreases appreciably during this time.40 No-w tests which have already
been described showed that decreas~~ the relative humidity caused most of the material
investigated to shrink. This in twu would decrease the effective area of a nonmetallic dia-
phraaa provided the deflection were positive; i. e., the rigid center was above the plane of
the rim (see fig. 18), and would increase the effective area if the deflection were negative; i. e.,
the rigid center was below the plane of the rim, the pressure in the diaphragm chamber being
in excess of that of the external air. Under these circumstances, assuming negative deflection,
it would require less pressure to produce a given deflection tifih low relative humidity than
with high reIative humidity. This, of course, is the condition for positive drift. It is probable,
particularly since the same pressure element gave positive drift on some occasions and negative
drift on others, that the negative drift was due to an increase in the relative humidity during
the test instead of the normal decrease. It is kown that the rigid center of the diaphrama
was below the plane of the rim for its total range of deflection in aIl cases.

This same explanation might be applied to account for negative hysteresis, but the tiie
interval involved in a test for hysteresis is much shorter than that in a drift test, and there is
hardly time for the relative humidity to change very greatly. This may, hoviever, be the
explanation of the negative hysteresis obtained for goldbeat er>s skin, since this material
responds very rapidly to changes in humidity.

EFFECT OF STATIC ELECTRICITY

In the course of this investigation a pectimity in the performance of a Toussabt-Lep&e
rubberized silk diaphragm when in a dry condition was found.

It was found that, if tests were run in quick succession while the diaphrangn um.s slowly

-~ OUt and therefore stMer@ slo-dy, the rate at which the diaphragm stiffened was

1$Drift ia defined ?.s the inmeaae in reading of the inatrunrent when held for a prolonged period at a constant PRSSUIe.
~ See referenm No. 29.
w ~IOBtMY~~ther Re~ie~, slrp~leme~t No. 6, ,JRpJatiTe H~ditie~ ~d V~Por preSSUIMCIVerthe United States,” Table 4, pageS 35-43.

By Preston C. Day.
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greatly increased, but that this increased stiffness disappeared when the diaphragm was allowed
to rest for 24 hours. The longer the interval between tests the less marked was this effect,
until when 24 hours elapsed between the tests no such effect was exhibited. Now Toussain&
Lep&re rubberized silk has a thin coating of rubber on one side only. It is believed that the
process of deflect~~ the diaphragm -with the consequent friction due to the changes taking
place in the wrinkles about the rim may have sufhced to charge electrically the fibers of the
silk. The fibers would then tend to repel each other and this would probably produce a slight
stiff ening of the material.

~,lr, PREDICTION OF rjT~E PRESSURE-DEFLECTION (=uR~Es OF ~oNMETAJJJC DI-&p~RAG~f

PREjWURE ELEMENTS

EFFECTIVEFORCEANDE~FECTIi’l?AREA

In order to discuss the theory of deflection of nonmetallic diaphragms of various types, it is
desirable to introduce the conceptions of .@ieetiveforce. and q$eetive a~ea. Slack diaphra=ws
possess the advantage over metallic diaphragms, sit lessfi for purposes of design, that the force
which such a diaphragm is cap able of exerti~~ at its centier can be computed when the geometrical
properties of t~e diaphragm, the differential pressure applied, and the magnitude of the
deflection are known.

Suppose that the diaphraayn (fig. 18, A) is subjected to a hydrostatic pressure p.” The
center of the diaphragm will deflect until it comes to a position such that the externa~ resisting
force Fat the center (due to a spring, weights, etc.) just balances the upward force due to the
pressure. The vertical compoqent of the total hydrostatic force on the diaphragm is equal
to 1/4 T D’ p, or to Ap if we represent by A the horizontal projection 1/4 r D2 of the area of
the diaphragm. Not all of this hydrostatic force is available at the center of the diaphragg,
however, since there is in general a reaction at the rim. A cert~in fraction of this force, equal
in magnitude to the oppositely directed force F, is applied at the center. This is called the
efea!iwe force for the given pressure p.a It will be shown presentIy that th~ effective force
depends also on the deflection of the center of the diaphragm.

Since a certain fraction of the total force is available at the center of the diaphragm we
may consider that this force is due to the product of the pressure p and an area A ~, A~ being
less than A. This area A. may be caIled the efective area.43 The effecti~e area for a given
diaphragm is not in general a constant, but is a function of the deflection of the center of the
diaphragms

From the above considerations we can write

Ap = F+ F,, (1)

where Fr is the vertical component of the reaction at the rim.
AIso

Aep = F, (2)
whence

A. F
x= m,”

(3)

COMPUTATION OF EFFECTIVE AREA

An expression will no-w be deri~ed for the effective area of a slack diaphragm of circular
form in terms of the dimensions of the diaphragm and the deflectio~ of the rigid center. Fig-
ures 16, A> and 16, B, represent the geometrical conditions of the problem f or the two cases which
will be discussed. (The center of the diaphragm is assumed to have zero deflection initially.)

If a vertical diametral plane be passed through the diaphragm, the curve cut- from the
flexible portion of the diaphragm will be tthe arc of a circle, since the area under the curve tends --

~NationaI Advisory Committee for .keronautics Technical Report No, 130(1922),” Oxygen Instruments, ” by 1’. L. EUZlt. (Fig. 10 of this
reference shows a rubber diaphragm whose effective area is independent of the deflection.)

41It iS ~s~~~d in ~b.at f~llo~~ that the p~~~me p in the diaphragm chamber k geater than the extarnsl pressure.
w Namely, for a gi7en pcessnre element.
41Thfs definition of “effective area” applies also to metalIic diaphragms



NONMETALLKI DL4.PERAGXS FOE INSTRUMENTS 447

to become a maximum owing to the applied pressure, and this is the case -when the cross section
is the arc of a circle.

It k XSIKWLI that the flexible mat.efi~ dO= IIOt ~~retch ~~er the ~uence of the temion
in it. This is true to a close degree of approximation for all the materials tested, except rubber.
The folIowing discussion would not apply to a rubber diaphragm.

Since the flexible mat.erid of the diaphra.gg can not transmit shear, no portion of Lhe
load inside of the horizontal circle of radius R +P pass~m through the highest point H of the
cross section and having its center on the axis can be transmitted to the rim, and likewise no
portion of the load outside of the circle through H can pass to the rigid center. Consequently
the effective force F is the ~er~ica.1 component of the total force due to hydrostatic pressure
acting inside of the circle of radius k?+P having its center on the axis of the diaphraam and
p8.SSiIl~ through H. The problem therefore resolves itself into finding the position of the
point 27, or the vake of p, for difFerent deflections.

In any specific problem there are given the values of B, the radius of the riggd center, c
the distance from the rim to the edge of the rigid center when the deflection is zero, and s the
length of the cross section of the diaphragm from the rim to the edge of the rigid center. If
s is unknown, it can be determined for a gi~en diaphragm by deflecting the diaphragm in~ard

ff’

Dmpllragm

— .’
— % -% [

-r’

~G. 16.—Cmsssections of SW dia’phwgtm

with a concentrated load applied at the center until the materiaI of the diaphragm is in direct
tension. The geometrical conditions then obtaining are represented in Figure 18, B. Since
p= 0, the cross section is str~~ht and the length s of the flexible portion can be obtained from

where y. is the maximum deflection of the diaphragg.
In the majority of instruments ushg slack diaphragms of this type the flexible material

is not attached to the rigid center at the edge of the latter, but onIy at the center. Conse-
quently hvo distinct cases may mise in practice. The &t is represented in F&me 16, A. In
this case the diaphragm is not tangent to the rigid center at its edge, but. the I@hest point H
of the diaphragm lies between the rim and the rigid center. The second case is shown in Fiame
16, B. Here the flexible diaphragg is tangent to the rigid cerrter at a point inside the radius
of the rigid center. The conditions for the $KO cases differ so greatly that it is not convenient
to treat them as special cases of a general solution, but it is preferable to derive the equations
for each case separately. The solutions should give the same numerical result for the limiting
case when p =0.

Cbse 1: z< c (See fig. 16, A), where z is the horizontal distance from the rim to the vertical
line through El.

This case is characterized by the fact. that the length of uc s is constant and that z< c.
From Figure 16, A, we obtain the equations

y=ctanp, (7)
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where
r = radius of circle of which the arc s is a portion, _
a = angle at O subtended by arc s,
y = deflection of rigid center from horizontal plane at the rim,

and
B= angle at rim subfiended by deflectiony at point of contact of diaphragm and rigid center.
Dividing (6) by (5)

1?sin ha ~~z,—.—— . = .
a s

Now expanding sin l/2a,

This series is co~vergent for all finite values of l/2’s. When a ~ ~ the first three terms

of the series give the value of sin 1J,% with an error of less than 1 per cent. Consequently
only the first three terms of the series will be used.

~ (1/,za)’ (1/AY)’

[ }
—–~+wa —5! . Jc’ +y’_.—

CY s.

(8)

The negative sign should be used~efore the radical since a must be less than m.
When a has been determined, r can be computed from (5), x is then found from

x=rcos (y–~),
where

7=90 °–1/%Y (9j
and

,8 is given by (7), -
Finally

p=c–$. (lo)

Equations (8), (9), and (10) can be put in a more useful f orm by expressing the quantities
involved as dimensionless ratios.

Thus :

(8a)

: : Cos (’y-@),—=- (9a)

and

(lOa)

s.
1s called the ‘{slackness” of the diaphragm.

z
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In Figge 17 are plotted values of ~ against ~ for different assumed values of ~. By plot-

ting these dimensionless quantities instead of the simple quantities p, y, and s, the plot can be
used for diaphran~ of all sizes.

Case 9. Z>C (See fig. 16, B). This case is characterized by the facts that the diaphraam
is tangent to the riggd center at some point along the radius R and that consequently the
deflec~on of the highest point of the &aphraa~ ~ now equal to the defection ~f the-rigid
center.

0.5

0.6

I.c

?/d/c

~G. 17.—Curv.e5 for use in mmputing effective P.rem of sfu?k diaphragms. Case I

From Figure M the following equations are obtained:

T’a’=8+p

w sin 1/20?= (c+p)~+y’~

y’= (c+P) tan & = (c+P) tan 1/2 cd

The primes are used to signify Case IL
Dividing (11) by (12)

r

2 stial/2a’=J&):+ y’2”

1

Substituting for y’ from (13)

f S+p _ (s+p) Cos i/%Y’,
.2 sinel/2a’ = +’(c -1-p)’(1+ tan’ l/2cK’)– C+p

(11)

(12)

(13)

S-FP .~f=— Sln d.
C+p

(14)
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Expandingsin a’iu terms of a’,dividing by a’, andretaining ordythe first th.ree terms,

‘)
A Air )

pressure’

k.r-.--------tii-j

-

—. .—
,..

x. .55 cm c
Pressure eiement No.i.

T,,-. n
-“ ,., . .

,,’”
‘——

.,. —n
.,

. ,,., h,n,.., .3

E

y.. ,.,
I p“,“, -

.. r, , . . .
,.

F
FIG. 18,

The negative sign should he used before the radical. r’ can

now be computed from (11), and y’ can be computed from (13).

As in C?ase1, the use of the dimensionless ratios $} ~) and ~

is to be preferred to the simple quantities y’, s) and P.

Then:

~+:
r’ c (ha)_=—
c a’

()~=J +$. tan If$’af.
c

(lEl&)

Limiting cizse.-When the highest point El of the diaphragm
is at the edge of the rigid center, equations (8a) and (15a) should
each apply. If in (15a) we place p equal to zero, we obtain

(16)

It is obvious that when p= 0, equations (5) and (6) from
which (8a) was derived become identical with (11) and (12) from

which (15a) was derived. Hence (8a) must be equivalent to (15a) when p =0,
A consideration of the geometry of the problem shows that the method of solution given

above for positive deflections holds equally well for negative deflections so long as the tangent
to the diaphragm at the rim does not slope downward toward the ~xis of the diaphragm. See

Figure 18D. Figure 17” gives curves for constani values of $ giving values of ~ corresponding
>

to different values of ~ In this figure the curves for negative deflections are rotated through

180° to coincide with the corresponding curves for positive deflections, thus giving a more com-
pact plot. It should be carefully noted that these curves apply only for Case I.

Once the value of ~ is determined, P is knomm and the numerical value of the effective area

can be computed. In terms of the notation used in Figure 16A,

Ae=7r (R+P)2, (17) ~

care being taken to use the proper sign for P 4Sand the eff-ectiv-eforce can be determined from (2).
This furnishes a means of computing the pressure-deflection curve for any slack diaphragm

and spring when used in combination. The method of doing this wJX be illustrated in the
folIowinQ section.

44 The aSSiSt*n@ cjfMr. W. A. kIaONair in ~Orking Out wm(. of the details of the theory and in m&king the computations for these Cur?es
-.

s acknowledged.
{i ~ is aIWSYSpositive for CaSe I



NON-METALLIC DL4PHIL4GMS FOR INSTRUMENT’S 451

WK EXPERIMENTAL VERIFICATION OF -THEORY OF DEFLECTION

The Ioad-deflection curves for a number of nonmetallic diaphragms of widely different
design were determined experimentally a~d were compared with the curves computed on the
basis of the above theory. The detailed computations me given for the first case to dlustrate
the method. Only Case I is illustrated below, as Case 11 will rarely ever occur.

PRESSURE ELE31EXI so. 1

.cl diaphragm of alum-tanned colon Ieather having the following georuetrical characteristics
was mounted (see @. 1S, C) :

Radius of rigid center, 1? =2.0 centimeters.
Distance from rim to edge of rigid center, c= 1.70 centimeters.

Slackness,;, = 1.05.

.& helical spring to be used -with this diaphragm was designed and constructed of 0.08 inch
steeI wire. lt was 1.4 inohes lo~~, I inch in diameter and had 10 turns. The load-deflection
curve for this spring was determined experimerttalIy. The deflectioris of the spring are given
in column 2 for the loads in column 9 of Table II. The spring -was mounted above the dia-
phragm so that w-hen the rigid center had assumed its maxilnum negative deflection without
placing the diaphragm in direct tension, the spring just touched the rigid center but exerted
no force on it.

-4 brief statement of the considerations involved in computing the load-deflection curve for
the pressure element might be helpfuI at this point. The hydrostatic pressure required to
produce a given deflection of the diaphragm is dependent ordy on the resisting force of the
spring and the eff ec%ive area for that deff ection. The effective area depends ordy on the geometry
and the deff ection of the diaphragm and can be computed from the formulas already developed
in this paper. The r@sting force of the spring is given by its load-de ffection curve for the spring
deflection correspordn~ to the assumed diaphragm deflection. The required pressure is then
obtained by dividing the resisting force of the spring by the eftect ive area of the diaphragm.
These computed pressures can then be used with the deflections for which they were computed
to plot the-pressu~edeflection curve for the pressure element.

I y~rV*
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I.n column 1 are given assumed values of the deflection of the diaphra.gn taking the plane of
the rim as the zero position of the diaphragm and starting with the di;phragm ‘b th; lo-west
position it could assume -without stretching the material. As already stated, the spring vms so
placed that the zero position of its end coincided -with this lo-west position of the diaphra=m.
Hence the spring deflections in cohmm 2 are obtained by adding the amount 0.55 centimeters to
the diaphragm deflection. The method of obtaining the values in column 3 is obvious. The _.
values in column 4 are obtained from Finwe 17, using the proper curve for the slackness of the

diaphra=m, in this case, 1.05. It w-ill be observed that the fist two -dues of ~ give vahes of ~

-which lie outside of the plot. The geometrical meaning of this is thit under ihese conditions p
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is greater than c and no horizontal plane can be drawn tangent to the diaphragm. (See J?igure
18, D.) l’or anydiarnetral section, the lines tangent to the diaphra~~ at the rim slope downward
to-ward the axis of the diaphragm, Obviously the above theory does not apply under these cori-

‘d khe. pressure-deflection curve can not beditions and so} for a sma.11 range of values of ~ ,

obtained by this method. Practically this Will rarely if ever cause any difficulty since it is
known that the cur-re passes through the origin.

The method of obtaining the values in columns 5, 6, 7, and 8 is obvious. The values of the
load give~ in column 9 are obtained from the Ioa.d-deflection curve for the spring and correspond
to the spring deflections in column 2. The pressures required to give the assumed deflections
can then be computed by dividing the central load due to the spring by the effective area of the
diaphragm for the corresponding deflection.

Two of the assumptions involved in the above computations are worthy of notice. It was
tacitly assumed that the weight of the rigid center and of the diaphragm itself could be neglected

Pressure incm of wofer
Fro. 19.—Alum-tanned cokm leather diaphragm with heliral spring. Pressure

element No. 1

Comparison of computed curve with expcrirnenta[ data, Spring stiffness 0.97W/cm
(5.4Ib.lin.] R=2 cm. c=ll.7 cm. $/c=l.05

in comparison with the force exerted
by the spring and specifically assumed
that no stretching of the diaphragm
took place. Since the diaphra~gn and
rigid center in this insiance weighed
only 10 grams, it is clear from a con-
sideration of columns 2 and 9 in Table
II that the first assumption is true
except for exceedingly small deflec-
tions. The justification for the as-
sumption that the stretching of the
diaphragm is negligible will be consid-
ered in the light of the experimental

results which follow’.
The computiecl curve for pressure

element No. 1 is plotted in J?igure 19
together -with the cum-e obtained ex-
perimentally. It will be observed that
the computed curve is slightly steeper

for small deflections and slightly flatter for large deflections than is-the experimental-cur~’e. ~he
agreement, however, is excellent when the uncertainties in-volved in the computation are con-
sidered.

The alum-tanned colon leather of which this diap~gm is constructed was the most elastic
of any of the materials studied in this investigation. Hence stretching of the diaphragm might
be expected to cause a greate~ discrepancy between the experimental and computed cur~es for
this material than for any of the other materials. It ‘@l be interesting to investigate the dis-
crepancy in the two curves shown in Figure 19 on the assumption that stretching has taken place.
The stretching is dependent on the stresses existing in the diaphragm and so increases wi~h the
hydrostatic pressure applied and changes with alterations.in the geometrical configuration of tl~e
diaphragm.

An attempt was mad: to reverse the method of computation used in Table H and, using the
experimentally determined values of p in column 10, to compute the slackness. Computations
for a few of the highest points on the curve, however, showed that values of p greater than 0.5 c
resulted for positive deflections and this was inconsistent With the theory. (See fig. 16, -A.)

It can be seen from an examination of Figure 16,.4’8 that increasing the slackness of the dia-
phragm Would deviate the load-deflection curve in the direction of the experimentally determined
curve. Howe~er, it was shown that the deviation found is much greater than can be explained
by the stretching of the diaphragm. Nevertheless, it was decided to test next a diaphragm

i5s~~~]s~di~~~~l~~of~elta~~~ul@,~e~ati~~d~i[t~~dhYStet’jSiS.
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which -was much less elastic than alum-tanned colon leather in order to reduce the effect of
stretching. The material chosen for this purpose -was the rubberized cotton fabric described

—-

earlier ir-this report.
PRESSURE EI.RME?TP 3-0. 2

The diameter of the diaphraam chamber of this pressure element was 6 inches, and the
diameter of the rigid center was .2.5 imhes. When mounted the diaphragm was found to have a
slaclmess of 1.03. The opposing heIical spring was made of 0.08 inch steel wire. It was 2
inches lo~~, 1 inch in diameter ad had 18 turns.

The theoretical pressure-deflection curve for this pressure element -was computed in the
same manner as -was done for the fist pressure element. The actual cum-e was then determined
experiraentdy. The two curves are plotted in Figure 20. The agreement between the two
curves is excellent, the greatest discrepancy be~m approximately 2 per, cent- of the maximum
deflection. The exceIlent results shown by this diaphragm indicate that, in all probability,
stret ding of the materia.1 -was an impo~tant factor in causing the discrepancy shown in Figure
192although no wholIy satisfactory explanation can be offered.

TESTS OF OTKER PRESSUREELEW3NT.9

In order to get a more complete ~erification of the theory, further tests were run on several
slack diaphragm pressure elements, the only dM?erences in these elements” being in the degree

Pressure incm of wofer Pressure incm of wafer
FIG. ~ .—Rubberized eatton diaphregm with helicsl spring. FIG. ZI.—C0mImLwu of eompnted curves with eqxrimen-

Presmre element No. 2 bi data. Points expa_imentaI, tames computations

Compsrisen of computed mum with experimented dsta. Spring stifhess 0.6Qkgfcm. (3.35IbJii.) R-3.2 cm. c-4.7
Spring sti5ess O.@lkg/cm. (3,3.5IhJin_) R=2.5 cm. c=O_5 em.
em. s/c=I.a2

of sIaclmess of the diaphragm and the position of the spring. Alum-tanned CO1OIIIeat.her was
used for most of the tests, as a pliable material is more satisfactory than a stiH material for
mounting when a hQh degree of slackness is desired. The same diaphragg box, rigid center
and spring used in presswre element &To.2 were used also for these tests. The sprbg -was
adjusted for each test so that it was just in contact tith the rigid center when the diaphragm was
in its lowest position. The computed and the experiment alIy determined curves are given in

Figure 21 for values of ~ of 1.01, 1.03, 1.05, 1.10, and 1.15. The results obtained with ahum-

tanned colon leather agree -well with the computed curves for values of ~ of 1.05,1.10, and 1.15,

but it was found very difiicult to obtain agreement for the values 1.01 and 1.03 since with such a
comparatively taut diaphraagrn, slipping from the edge of the diaphragm box occurred and, of
course, the stretching was increased.
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In order to verify the computed curves for values of 1.01 and 1.03, Toussaint-Lep?xe rub-
berized silk was used for the diaphragm material, thus reducing greatly the stretching. After

cementing the diaphragm to the box, good results were obtained for values of ~ of 1.03 and 1.05

and fair results for 1.01. It is difficult to determine the slackness accurately for such a low

value of ~ as this last, and stretching is comparatively large.

For values of slackness greater than about 1.03, however, it would appear reasonable to
assume that stretching of the material can be ignored in computing the load-deflection curve for a
slack diaphragm pressure element, The error made ig adopting this assumption will be greater
for alum-tanned colon leather than for less elastic materials, and it may be quite appreciable
if a fairly stiff diaphragm having a considerable degree of slackness is mounted on a diaphragm
chamber of small diameter. Under these latter conditions wrinkling of the diaphragm would
undoubtedly cause trouble.

The experimental verification of the theory of deflection of nonmetallic diaphragms is
considered sufficiently good to warrant the assumption that this theory can be relied on to
predict the pressure-deflection curves of this type of pressure element for purposes of design.
The discrepancy between the computed and the actual curves shoiid not exceed about 10 per
cent. of the maximum range. The agreement thus found to exist between the computed and the
experiment ally determined curves will be used as justification for assuming the accuracy of the
curves computed in the next section of the report.

IX. TYPES OF PRESSURE-DEFLECTION CURVES

A consideration of the factors on which the deflection of a nonmetallic diaphragm pressure
element depends leads to the folIowing conclusion: The deflection of the spring depends on the
diameter of the chamber, the slackness of the diaphragm, the size of the rigid center, the hydro-
static pressure, the stiffness of the spring, 4P and the position of the end of the spring in its

unstressed state relative to the position of the diaphragm for its ma.ximurn negative deflection.
See Figures 18, D, and 18, E.

This can be expressed mathematically by writing

or

By using dimensional analysis equation (18) can be rewritten

(18)

y,_fmct pDy, s R a~–
( )F ‘~’ D’B’

( )
$j=funct ‘$, ~, $,”$ .

(19)

Owing to the fact that a direct analytical solution of the problem was possible, it was not
necessary to use this equation in developing the theory, but it is given here as a convenient
means of showing at a glance what factors affect the shape of the pressure-deflection curve.
A number of computed pressure-deflection curves will now be given, showing the effect of
varying the dimensionless variables in equation (19),

Figures 22, A, and 22, B, show the effect of varying the slackness ~, keeping all other f?c-

tors, including the position of the end of the spring, constant. This, of course, necessitates

varying $ at the same time. A little consideration will show that according to the theory,

the pressure-deflection curves for pressure elements having diaphragms of the same dimensions

:(’’%?)’
4TT~~~tiff~~~~rthesp~i~gisdefined as the ratio of its resisting force to its deflection, i. e., —



NONMETALLIC DIAPECRAGMS FOR INWf!R’UXENTS 45!3

but of dMerentt degrees of slackness must all pass through a common point in addition to zero,
provided the position of the spring is -kept unchanged. T@ poinb is given by the zero position
of the diaphragm and Lhe corresponding pressure, for under these conditions P = !/.2c and ob-
viously is independent of the slackness.

ID F~ure 22., A, the zero position of the spring is the same for the four slaclmezses assumed
and is 0.7 centimeter below the plane of the rim, thk position corresponding to the maximum
negative defection of the diaphraagn whose sladcruess is 1.01. In eases (2), (3), ~d (4) tie
diaphragg deflects some distance bdore coming in contact vrith the spring. Increasing the
slackness makes it possible to obtain a greater deflection with the diaphragg and causes the
pressuredeffection curves to become more nearly linear, as n@ht be expected from a con-
sideration of the geometry of the pressure element. It is interesting to not~ that changing
the slackness under these conditions hardIy alters the lower portion of the curves, but produces
very great cha~~es in the curves for the huger pressures.

The curves in Figure 22, B, are computed for a zero position of the spring corresponding
to the maximum negative deflection of the diaphragg whose slackness is 1.03; i. e., for – 1.2

FIG. 22.-A. Zero position of spring 0.7 em. below rim. B. Zero pmkim of spring 13 cm. beIow rim
Effect of verfig sfackness of diaphregm keeping alf other factore constant

When s’Ic=LOI, mssim mn negative deflection =O.70 em.
When $/c= 1.03, am negstive deflection.1.m em.
WII= $/c=L05, marbnum negative de&xtfom=LWl can.
When s/c=LIO, ~nm negative deffection=2.15 em.

c entirneters. This results in the sp~~ being initiaIIy in compression when used with the
diaphragm whose slackness is 1.01.

Lowering the zero position of the spring increases the flexibility of the pressure element
as long as the spring is not. in compression initially, since the effective areas corresponding
to given spring deflections are greater under these conditions.

The case just illustrated is not mqy practical, however, since it is desirable to have the
spring attached to the diaplumgg. TIM more practicaI case, which in~ohs changing the

slackness of the diaphra.m ~) and altering the zero position of the spring to coincide with the

maximum negative deflection of the diaphragg (i. e., keeping ~ constant and equal to zero),

is shown in Figure 21. The increased flexibility of the ~ressure element resulting from increas-
ing the slackness of the diaphragm is clearly ilhmtrat ed there. The pressure-deflection curves
are more nearly linear for the relatively high slacknesses than for the 10-wslacknesses.

The effect of varying the size of the rigid center is shown in Figge 23. The principal
fezdure of interest in these cm-ves is the extension of the computations for the rigid center of

5~201_25_.___3~
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large diameter to include its deflection under the conditions of Case 11.48 As no curwx. giving

values of ~ for given values of ~ had been plotted for this case, it was necessrwy to substitute

directly in formulas (13a) and (15a). The deflection _of the diayhragm for the limiting case
was determined and the pressure required to produce this deflection was computed independently
by the formulas both of (?ase I and of Case II. The hvo results agreed ~ery closely.

The three curves shown in Figure 23 were plotted on logarithmic cross-section paper to
determine whether they approximated the relation

y.= K(p)’”, (20a)

which &pplies to airspeed indicators of the differential pressure type. Vi@en plotted iri this
way the curve for the pressure element with the small rigid center gave up to 60 centimeters
of water very nearly a straight line whose average slope was 0.57, thus giving the relation

y,= E-(p) O’”. (20b)

By using this pressure element, therefore, or one geometrically and physically similar to it, it
is possible to construct an airspeed indicator having a very simple mechanism, such as the

*

Pressure incm of wofei-

17m. 23.-Effect of varying size of rigid center. Slackness constant. s/c= 1.05.

Diameter of chamber 15.2cm. Spring stiffness 0.97kg/cm. (5.4 lb./in.)

silk thread used in the Ogilvie airspeed indicator (See fig. 1, A), at the same time obtaining a
scale -with practically uniform graduations. Furthermore, it is probable that by making slight
adjustments in the stiffness of the spring, the slackness of the diaphriigm, or other factors which
affect the pressure-deflection curve, still better agreement can be obtained between the desired
relation given by equation (20a) and, the curve obtained from the pressure element.

The effect of changing the spring stiffness is obvious from equation (18). If the stiffness
—
b’

G is increased, the dimensions of the element being left unchanged, it is necessary to increme

the pressure p to keep ~ constant. That is, the abscissas of all points on the pressure-deflection

curve are m’uRipliecl by a constant factor to take account of this change in stiffness.

X. ADVANTAGES AND DISADVANTAGES OF NONMETALLIC DIAPHRAGM PRESSURE ELEMENTS

ADVANTAGES

The nonmetallic diaphragm pressure element possesses a number of advantages which,
when generally realized, should make its use more co.mon in a number of types of pressurc-
measuring instruments. hong its advantages may be mentioned (1) possibility of pred~-
ttermining the pressure-deflection curve, thus making scientific design possible; (2) wide control
of the shape of the pressure-deflection curve, thus making it possible to simplify the indicating
mechanism of the instrument; (3) large deflection combined with small sizel enabling the multi-

48 se.~ s~~tio~ VII.
— — .-=
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plying ratio of the mechanism to be decreased, the instrument to be made small and compact
and the measurement of small differential presdures facilitated; (4) small inertia, which gives
comparative freedom from position errors and the inertia effects caused by vibrations and
accelerations and (5) means of accomplishing temperature compensation.@ In addition to this,
taut rubber diaphraagns give a very good zero poin~.

DISADVANTAGES

The thee principal disadvantages of this type of pressure element are pecuIiar to non-
metallic diaphraa~s. They me (1) permeability of material, (2) effect of humidity, and (3)
ageing of material. The first t-wo can be o-mrcome by the use of surface treatments, but these

,

introduce at the same time large temperature effects in mosfi eases. The last eliminates one
of the materials which would be most useful in this connection-rubber. U a method of pre-
paring or treating rubber can be de~ed so that it fl no~ o~~e ~hm ~ the fom of t~
sheets, a material advance will have been made in this field.~a

XI. DESIGN OF NONMETALLIC DIAPHRAGM PRESSURE- ELEMENTS
CHOICE OF MATERIAL FOE DIAPHRAGM

The data in Table I will greatly f acilitate the selection of the proper material for a specific
purpose. Only the most general considerations W be discussed here, as it is impossible to
take into account all of the factors -which might be involved in the selection of the best avail-
able material. The first considerations are the permissible diameter of the element, the degree
of permeability which is allowable, and the magnitude of the dfierential pressures involved.
If the element must be small in size and if the differential pressures’ involved are smal, alum-
t anneal colon leather, the most pliable material of those investigated, maybe considered. With
out surface treatment this material is ideaI in all respects except two: (1) It is comparaki~ely
elastic and hence can Dot be used under conditions where the stresses in the material are exces-
si~e, and (2) it w-ill.grow stiffer in time if subjected to wide variations of humidity, p arbiculasly
if the conditions are such that moisture condenses on the diaphraaa: The ageing can be
prevented, or at least materially delayed, by the use of a surface treatment on both sides of
the material. This, ho-wever, has been found to introduce fairly la.rge temperature effects for
all of the dopes and oils tried.

I-f a less elastic material is required, surface-treated zepb-ir leather, the cotton treated With
hmg oil, rubberized cotton, or the Toussaint-lLep&e rubberized si&, may be considered. The
fact that rubber ages rapidly should be borne in mind. The Toussaint-Lep&-e rubberized sik
is excellent if not used for more than a year or so, but it stiflens in time and bec,omes w-orthless.
This material can not be obtained at the present time, but an attempt has been made by an
.knerican &m to duplicate it.. Tests have shorn, how-ever, that the lumerica.n product is not
satisfactory for use as a s~ack diaphraam material.

The type of sptig used with the diaphragm is important. Both flat and helical springs

have been used with success. If the ratio of the spring deflection to the length of the spring is
@eat., the end of a flat spring mill be incLined considerably to the vertical and will tend to tilt the
diaphra=a. If thie is the case, the helical spring may be preferable, as its reaction is always
axial. Care shouId be taken that a hefical spr~~ is not sufficiently slender to buckle if com-
pressed. The difficulty of making adjustments when a helical spring is used should be noted.
The zero adjustment is not so di-fllcult, but the stiffness of the spr@ can not be adjusted easily.
A helicaI spring W give a greater position error than a flat one owz@ to its greater -weight.

‘The central rigid disk should be made as light M possible and shouId be cemented to the
diaphraam at the center. The edge of the disk shouId be turned up sIightly so that any motion
of the &aphraD= rebtive to this edge will not damage the material.

The authors wish to express their appreciation of the advice and assistance of Mr. W. H.
Smith and Mr. R. C. Bo-ivker of the Bureau of Standards in connection with portions of this
investigation.

a The Action of Oxidation InMbiters an Rubber, Comptes Rend= vol. 177, pp. 2u+6 C. A. IT, %325(1923), by .4ndr& HeIbrommr and
Gustave Bernstein.

~ BY sdecting the proper diaphm.m materiaI tbe pressure element can be made to increase in flexibility or decrease b fftibility wi$h fncxea.%
of temperature as may be desired. See Table I of this paper and accompanying fi~sion.
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APPENDIX

METHODS OF MOUNTING NONMET~LLIC DIAPHRAGMS

No particular emphasis was laid in ~he course of tl@ investigation on methods of mounting
nonmetallic diaphragms, but the experience gained during several years of experimenting may
be -worth setting down for the benefit of others. The materials to be considered in this connec-
tion may be divided into two groups: (1) Rubber, and (2) leathers and treated fabrics,

TAUT RUBBER DIAPHRAGMS 1

In some instruments which measure pressure, a thin-vulcanized sheet of rubber is used M
the diaphragm of the pressure element. When used @_this manner the rubber is almost invmi-
ably mounted under tension and is used without a rigid center. The usual metJlod employed
in such cases is to stretch the rubber to the desired tautness and to attach it Lo a ring using a
suitable adhesive, the ring and diaphragm fitting into the instrument case as a unit= This type
of construction is used in the pressure element of the Ogi.lvie airspeed indicator as shown in
13gure 1A. A very simple and dependable method of mounting the diaphragm on the ring hus
been employed at the Bureau of Standards.

The ring should be made of bakelite or hard rubber. In trials of the 6w0 materials bakelite _,
was found superior LOhard rubber, as the hard rubber had a tendency to soften if heated to a
temperature higher than 50° Centigrade. Furthermore, the hard rubber warped badly under
test conditions. However, the specimens of hard rubber used were of a very low grade and it
is possible that if a good grade of hard rubber were used its performance might be as good as
that of bakelite, Other materials such as aluminq. and cast iron were tried but with only
indifferent success. Cast-iron rings can be employed, but their weight is a serious disadvantage.
A1uminum rings were used with fair success but it was found dficult to prevent an excecxlingly
taut diaphragm from slipping on an aluminum ring unless the joint was kept under a heavy
pressure after the diaphragm had been mounted. The method of mounting described below
should be suitable for all tensions which may be desired.

In the majority of cases, rings of bakelit~- will serve the purpose and the following method
of mounting will be suitable for all tensions.

After the bakelite ring has been turned out, a large_number of small holes about-one-sixteenth
inch in depth are driIled into one side of the ring near the outer edge. Thk surface is then
sandpapered or filed so as to roughen it and is cleaned with henzol to receive the rubber
diaphragm. A narrow strip of quick-vulcanizing material is then p] aced on the roughened
surface. This strip should be about half as wide as the ring and should be placed on the outer
edge. Ordinary rubber insulating tape is very good. The ring R is placed with the vulcanizing
material up (see fig. 24) in the center of the table T! which has been dusted with talc. The
table can be adjusted at A, to regulate to a certain extent the amounb of tension which will
result in the diaphragm. The sheet of rubber D, one side having been washed with benzol,
is placed fiat across the rim of case C tith the washed side toward the ring. It is then secured
to the case with rubber bands N which hold it in the groo;e G. The shee%hould be fiat, but
not stretched, and the rubber bands should be very tight to prevent slipping or creeping of the
sheet. The case C is then evacuated, drawing down the sheet of rubber and stretching it across
the ring R and table T. In evacuating the case, the suction is gradually increased until the
rubber is drawn sharply into the corners. The suction is then maintained constant at this
value during the process of vulcanization. The rubber is thus kept in this position until the
vulcanizing material has been cured. If leaks are apparent the suction may be left on, since
the table T fits closely enough to the wall of the case .C to prevent the sheet rubber from being
drawn down through ihe opening.

—
~Mr. D. H. Strother assisted in the preparation of this section.
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In order to cure the vulcanizing material and thus to attach the stretched rubber LOthe
ringg, the mdcanizing material is heated in the folIowing manner. The surface of the stretched
rubber is dusted with talc. The space 1? within the ring is filled with talc. A circuIar piece

of cardboard B, or better, a thin sheet of asbestos, is cut out to fit inside the ring. This protects
the portion of the rubber which will constitute the diaphragg from the heat of vulcanization.
A thin sheet of aluminum L is placed over the entire @u extending over the edges. on top of
this is placed a cast-iron disk or block H weighing about 3 pounds which has been heated to
about 125° Centigrade. Immediately after this has been put in place and rests on the entire
surface of the ring, the wooden insulator I and the weights W (200 pounds or more) are put
on top of the heated block. This is permitted to stand for at least 10 or M minutes, the longer
the better. The apparatus is then disassembled and the excese rubber trimmed from the
outside edge of the ring. It is not necessary to place the ring under compression to prevent
the rubber from slipping if the vulcanizing material has been properly cured. Even at a tem-
perature of + 70° Centigrade the diaphragm will
remain perruanently secured. It should be
allowed to age for several days before using in an
instrument.

The vulcanizing material does not become
a part of the bakelite as it does of the sheet
rubber, bufi it adheres very weI1. Consequently
the bakefite rings can be used over and over
if desired. The pressure applied to the vulcan-
izing material when ii is in a softened condi-
tion owing to the heat, forces it into the smalI
holes driIIed in the ring. After the rubber
has cooled it continues to project down
into these holes, thus effectually preventing any
slipping between the riq and the vulcanizing
material.

This method assures more uniform tens;on
in the diaphr~om than is at all necessary. No

~G. %-section of &EIpar&tns for mountimJ rnbber diaphragms

great amount of care need be exerted in constructing the apparatus. The adjustable table
need not be elaborzte, because no two diaphragms can be mounted exactly alike. Further-
more the amount which the rubber creeps o-rer the rim varies for differeni diaphragms, the
specimens vary in thickness and the elastic properties ~ary, not onI-y for difterent mixes, but
even in the same specimen. ?

MOUNTING LEATHERS, SKINS AND TREATED FABRICS

These materials are, or should be, always mounted in a sIack condition. Di.fllculties in
mounting often arise when the size of the pressure element is very small and the degree of
slackness required is large. Some of the materiak are rather stiff and very hard to handle,
aIthough most of fihe Ieathers and skins are comparatively fletible and elastic.

The foIIowing method has served well with various grades of rubberized, oiIed, and doped
silks and cottons, and with oiled and doped ~eathers, skins, and papers. The materials are
often utilized without treatment and in most cases are much better and easier to mounfi -when
thus used.

.% somewhat larger piece of the material thzin is necessary is cut out. If a rigid center is
to be mounted it should be placed at the center of the material at this point in the procedure.
It can be either cemented to the material or merely chmped with a suitabIe device- The
rubber, oiIi or dope on the fabric will serve as a sticient air seal. A very smfl amount of
stopcock grease z is also very effective as a seal here when the material used is untreated.

: Stopcwck greas.% VaseIine 16parts, pure gTMCZrobber 8 park, pamffim 1 @.rt. MeIt all together. ?&me paraKin may be added if the eom-
pmmd is not stiff enomgh.
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The material is then placed over the case on -which it is to be mounted with the treated
side pIaced toward the chamber. The rigid center is brought as near the center of the case as
can be done conveniently by eye. Several rubber bands are put on to hold the material in
place. It is preferable to have the -walls of the case grooved on the outside (see fig. 24) when
the diaphragm is to be hied permanently. Some instrument cases are separated like &hat of
the Smith manometer (see fig. 2) and the diaphragm is clamped between the tw-o parts. In
these cases the same procedure may be follo-ived.

Next by pulling the excess material on the outside, the rigid center is brought exactly to
the center of the case and the material is pulled tightly across the case. More rubber bands
may be put in place at ‘this point to make more nearly uniform the creeping which is to be
produced in order to secure the correct amount of slackness. In producing the slackness,
either evacuate the case very slo-wly or else push evenly and gently on the rigid center until
the right amount of slackness is obtained. The creeping about the rim is usually uniform and
the rigid center will” stay in the middle. It seldom happens that the material will wrinkle at
the rim except with very small pressure elements and, if it does wrinkle or creep unevenly,
the addition or removal of several rubber bands and several trials will usually bring about-
the desired results.

After obtaining the” proper slackness (which is only possible within approximately 10 per
cent. ) the diaphragm may be permanently secured. If- the case has a groove, the diaphragm
is secured by tieing it onto the rim with silk thread or catgut. Cement is not really necessary
unless rather high pressures are to be encountered. 13.owever, the groove may be 611ed with
a slow-drying cement, such as rubber cement, before the material is phiced on the case at all,
If the diaphragm is to be clamped between two parts of the case, a little stopcock grease will
serye to seal the joint. This should be applied to the case before the material is stretched
across it at all. If screw holes are necessary they may be burned out with a red-hot piece of
wire. This procedure will not injure the diaphragm or disturb its position. This should be
the last step.

In mounting very small slack diaphragms for which the maximum amount of slackness
is to be obtained, it may be ~ecessary to press the material to a form of double curvature be-
tween dies before mounting it in an instrument. However, if the material can be mounted
according to the above procedure, it should assumq its correct form when deflected during
the process of adjusting the slaclmess. This part of the procedure must be investigated in
each individual case, and no general statement can be made about it-. Some materials with
good elastic properties, a, good example of which is alum-tanned colon leather, will gi~e no
trouble at all. Cotton fabric or goldbeater’s skin will wrinkle badly if the slickness is ad-
justed too rapidly,


